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ABSTRACT 
Industrial experiences have shown that powders can 
unexpectedly change from normal powder flow properties to 
exhibit liquid-like flow characteristics. This change in 
flow properties, known as flooding, can result in a major 
loss of a powder's containment. 
The prime objective of the research presented in this 
thesis is to develop a method which quantifies a powder's 
likelihood to flood, and to identify the conditions where 
the tendency to flood becomes important. A powder is 
known to exhibit liquid flow properties at high shear 
rates or when aerated at or above the minimum fluidisation 
velocity. The interaction of these two factors, however, 
is not fully understood. 
A new type of shear cell is developed which enables 
the measurement of the shear characteristics of an aerated 
powder. This shear cell is based on Couette geometry, 
where a powder sample is sheared between two concentric 
cylinders, while under controlled aeration conditions. 
Evaluation of the equipment with a variety of powders 
identifies that the transition to liquid-like flow 
properties can occur at low shear velocities and at an 
aeration substantially below fluidisation. The 
characterisation of a sample of flooded material shows 
that additional fine particles significantly increases the 
tendency for that material to flow like a liquid. 
The effect of additional fine particles on a 
selection of powders is studied in detail and powders with 
a narrow particle size distribution are shown to be most 
vulnerable to flooding. The quantities of fines required 
before a powder is likely to show liquid-like flow 
properties can be small, highlighting that the flooding 
problem can be significantly effected by segregation. 
The ability to characterise the effect of small 
quantities of additional fines on the likelihood to 
undergo liquid-like flow is an important step forward in 
understanding the apparent random nature of flooding. 
iv 
ACKNOWLEDGEMENTS 
In producing this thesis, I am indebted to numerous 
people and companies without whom it would not have been 
possible to complete. 
I thank all the member companies of the International 
Fine Particles Research Institute (IFPRI) for their 
co-operation throughout their sponsorship of this project, 
1n particular for their financial assistance and provision 
of materials. 
I would like to acknowledge the invaluable assistance 
provided by ICI Pharmaceuticals who have allowed time and 
use of facilities for compiling this thesis. To this end 
I would like to express my thanks to Dr A.G. Wylie, 
Mr H. McArthur, Mr B.K. Camacho and Mr F. Loftus. I would 
also like to thank all of my collegues who have been a 
major so~rce of help and encouragement. 
In particular, I would like to thank John Lloyd, my 
supervisor and mentor at Loughborough, as he has provided 
valuable advi~~ and guidance throughout the project. He 
was instrumental in maintaining enthusiasm, which was 
always greatly appreciated. 
Most important of all, I must thank my wife, Judith, 
who was a never ending source of encouragement and 
assistance throughout the writing of this thesis. Without 
her help this task would have been much more onerousl. 
Lastly, the rest of my family provided much 
encouragement which was gratefully recieved: 
Mr G.S. Webb Mrs R.F.D. Webb Mr D.R. Webb 
Miss Y.E. Webb 
Mr C.G. Peal! 
Mr M.R. Webb 
Mrs W.M. Peal! 
v 
Mrs V. Webb 
List of Figures 
Chapter 2 
2.1 Pressure Drop Across an Aerated Bed ••••.••.••••. 6 
2.2 Rheology of Fluids .............................. 9 
2.3 Effect of Time on the Shear Properties of 
Thixotropic Fluids .............................. 10 
2 • 4 Yield Loci ...................................... 17 
2.5 Shear Stress Analysis on a 2-D Element ••••.••••• 18 
2.6 Shear Stress Analysis on a 3-D Element •••...••.• 19 
2.7 Principal Consolidating Stress and Unconfined 
Yield Stress .................................... 19 
2.8 Flow Function................................... 21 
2.9 TwO-Dimensional Deformation Apparatus •.•.•.••••• 22 
2.10 Jenike Shear Cell............................... 23 
2.11 Triaxial Shear Cell ............................. 24 
2.12 Definition of the Flow Function 
(Biaxial Shear Cell) ............................ 26 
2.13 Biaxial Shear Cell .............................. 26 
2.14 Simple::--,Shear Cell ............................... 28 
2.15 .Annular Shear Cell .............................. 29 
2.16 Split-ring Annular Shear Cell .••••••••••..•.•••• 30 
2.17 Annular Shear Cell.............................. 31 
2.18 Split-Level Rotational Shear Cell ••••.••.••••••• 32 
2.19 Bagnold's Couette Shear Cell •...•••••••.•.•••••• 33 
2.20 Measurement of Slip-Stick Friction •.•.•...••••.• 34 
2.21 A Tensile Tester ................................ 35 
2.22 Combination of Shear Test & Tensile Test Data 
Isostatic & Uniaxial Conditions ••••...•...•.••.. 36 
2.23 Mohr's Analysis at Low Consolidation Loads •••.•• 37 
2.24 Geldart Classification Diagram •.•••.•••••••••••. 38 
vi 
Chapter 3 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 
3.8 
3.9 
Shear Cell - Photograph of Surface Geometry •••.. 
Shear Cell - Dimensions ......................... 
Mounting Procedure ............................. . 
Photograph of the Drive Mechanism •..•.•.•••••••• 
Bearing System for Inner Rotor 
Axial and Vertical Support •..••.•••..••.•.•••••• 
Bearing System - Overall Arrangement ..•....••••• 
Control System - Schematic Diagram •...•....••••. 
Motor & Transducer Arrangement •••••..••.•..••••• 
Overall Photograph of the Experimental 
49 
49 
51 
52 
53 
54 
55 
57 
Appara tUB ••••••••••••••••••••••••••••••••••••••• 61 
Chapter 4 
4.1 Shear Stress - Measured Values Before Averaging 65 
4.2 Time Dependency of the Transmitted Stress 
Phenol Formaldehyde ............................. 65 
4.3 Time Dependency of the Transmitted Stress 
Al umina ......................................... 66 
4.4 Time Dependency of the Transmitted Stress 
Sodium Carbonate ................................ 66 
4.5 
4.6 
Inner Rotor - Perforated Mesh Configuration 
The Effect of Altering Inner Rotor Geometry 
..... 
Chapter 5 
5.1 Comparison of Particle Size Distributions ....... 
5.2 Geldart Plot 
-
Powder Classification Diagram 
for Fluidisation by Air ......................... 
5.3 The Effect of Aeration - Alumina ................ 
5.4 The Effect of Aeration - Ground Phosphate Rock .. 
5.5 The Effect of Aeration 
-
Sodium Carbonate ....... 
5.6 The Effect of Shear Velocity - Alumina .......... 
vii 
70 
70 
77 
77 
80 
80 
81 
84 
• 
5.7 The Effect of Shear Velocity - Ground 
Phosphate Rock ..............•................... 84 
5.8 The Effect of Shear Velocity - Sodium Carbonate. 85 
5.9 The Effect of Aeration - Phenol Formaldehyde 87 
5.10 The Effect of Shear Velocity - Phenol 
Formaldehyde ........................•........... 87 
5.11 A1umina: Particle Size Distributions 
Comparison Between Standard & Flooded Materials 89 
5.12 Alumina: Geldart Classification Diagram 
Comparison Between Standard & Flooded Materials 91 
5.13 Alumina: The Effect of Aeration 
Comparison Between Standard & Flooded Materials. 91 
5.14 Alumina: The Effect of Aeration 
Comparison Between Standard & Flooded Materials 
Shear Str'ess as a Function of U
mf ••...•....••••. 92 
5.15 Alumina: The Effect of Shear Velocity 
Flooded Material ................................ 93 
Chapter 6 
6.1 Alumina: Particle Size Distributions 
Comparison Between Standard, Flooded & Powder 
Fractions [A, B & C) ............................ 100 
6.2 Alumina: Geldart Classification Diagram 
Comparison Between Powder Fractions [A, B & C] ., 101 
6.3 Aluminal The Effect of Aeration 
Comparison Between Powder Fractions [A, B & C] ., 102 
6.4 Alumina - Powder A: [>75~ cut] 
The Effect of Shear Velocity ..•..•....•....•.•.• 103 
6.5 A1umina - Powder B: [<75~ cut] 
The Effect of Shear Velocity .....•...••......•.• 104 
6.6 Alumina - Powder C: [20/50~ cut] 
The Effect of Shear Velocity ..••...•••••..•....• 104 
6.7 Alumina: Particle Size Distributions 
Comparison Between Standard, Flooded & Two 
Mode 1 Powders [D & F) ........................... 106 
viii 
6.8 Alumina: Particle Size Distributions 
Comparison Between Standard, Flooded & Model 
Powder D ..............•............•...•........ 107 
6.9 Alumina: Particle Size Distributions 
Comparison Between Standard, Flooded & Model 
Powders [ E , F & G] ••••••••••••••..•••••• '........ 108 
6.10 Alumina: Geldart Classification Diagram 
Comparison of the Model Powders [0, E, F & G] ... 109 
6.11 Aluminal The Effect of Aeration 
Comparison Between Model Powders [0 & F] ........ 110 
6.12 Alumina: The Effect of Aeration 
Comparison Between Model Powders [0, E, F & G] . . III 
6.13 Alumina - Powder 0: 
The Effect of Shear Velocity .................... 112 
6.14 Alumina - Powder F: 
The Effect of Shear Velocity •••.••••••••••••••.• 113 
6.15 Alumina - Powder G: 
The Effect of Shear Velocity .................... 
6.16 Ground Phosphate Rock: Particle Size 
Distributions - Comparison Between Powder 
Fractions [A & B] and Model Powders [C & 0] 
6.17 Ground Phosphate Rock: Model Powders 
. . . . . 
113 
116 
Geldart Classification Diagram .••••..•••.•...••. 117 
6.18 Ground Phosphate Rock - The Effect of Aeration 
Comparison Between Model Powders [A, C & 0] ...•• 118 
6.19 Ground Phosphate Rock: Powder A 
The Effect of Shear Velocity •••••....••••....•.• 120 
6.20 Ground Phosphate Rock: Powder C 
The Effect of Shear Velocity •••....•....•..••... 120 
6.21 Ground Phosphate Rock: Powder 0 
The Effect of Shear Velocity .•.............••... 121 
ix 
Chapter 7 
7.1 Centrifugal Force Distribution 127 
7.2 A Fixed Element of Fluid ...... 129 
7.3 Schematic Diagram of the Shear Cell 
(Showing Annular Planes 1,2 & n) 141 
7.4 Shear Stress Profile .. 145 
7.5 Effect of Sample Width .. . . 147 
Appendix A 
Particle Size Distributions 
A.l Alumina - Standard . . . . . ..... 
· . 
A-2 
A.2 Ground Phosphate Rock 
· . 
A-2 
A.3 Sodium Carbonate ... A-3 
A.4 Phenol Formaldehyde A-3 
A.S Sodium Triphosphate 
· . 
A-4 
A.6 Alumina Standard • • • A-4 
A.7 Alumina Flooded 
· . 
A-S 
A.B Alumina Powder A • · . A-S 
A.9 Alumina Powder B . ' .. A-6 
A.lO Alumina Powder C A-6 
A.ll Alumina Powder D A-7 
A.12 Alumina Powder E A-7 
A.13 Alumina Powder F A-8 
A.14 Alumina Powder G A-8 
A.lS Ground Phosphate Rock Powder A A-9 
A.16 Ground Phosphate Rock Powder B A-9 
A.17 Ground Phosphate Rock Powder C A-lO 
A.18 Ground Phosphate Rock Powder D A-lO 
x 
List of Tables 
2.1 Properties Important to Powder Flow •••••••.•.••• 12 
3.1 Load Cell Specification ......................... 58 
4.1 Reproducibility of Shear Cell Tests ..•.•..•••••. 68 
5.1 Grouping of Test Powders ........................ 75 
5.2 The ,properties of the Free-Flowing Powders ...... 79 
,; 
5.3 Reduction in the Transmitted Stress Compared 
to that at Zero Aeration ........................ 82 
5.4 The Properties of the Standard & Flooded 
Alumina ......................................... 90 
5.5 Reduction in the Transmitted Stress Compared 
to that at Zero Aeration ........................ 93 
6.1 Powder Identification - Alumina ..•••••.•....•.•• 99 
6.2 
6.3 
The Properties of the Alumina Fractions 
Composition and Identification of Model 
......... 101 
Powders - Al umina ............................... 106 
6.4 The Properties of the Model Powders - Alumina ••• 107 
6.5 Reduction in the Transmitted Stress Compared 
to that at Zero Aeration ......................... 111 
6.6 Powder Identification - Ground Phosphate Rock 116 
6.7 The Properties of the Model Powders - Ground 
Phospha te Rock .....•............................ 117 
6.8 Reduction in the Transmitted Stress Compared 
to that at Zero Aeration ........................ 119 
xi 
CHAPTER ONE 
INTRODUCTION 
1. INTRODUCTION 
The design of powder handling systems has developed 
over the years using procedures that model a powder as a 
Coulomb-solid, where no deformation occurs until failure. 
However, powders have occasionally ceased to display the 
flow properties of a Coulomb-solid and have exhibited flow 
characteristics more appropriate to a liquid. Powder flow 
control systems, such as the screw conveyor, rely on the 
unconfined yield strength of a powder or the mechanical 
interlocking of the particles, to form arches and bridges. 
If the unconfined yield strength tends to zero then the 
powder control equipment may fail to contain it. 
Industrial experiences have indicated that this 
phenomena, usually referred to as flooding, is apparently 
random and little understood. As containment can be 
rapidly lost in a fairly drastic manner, flooding has 
implications important to both safety and good materials 
management. An exampleo is an occasion when alumina was 
being discharged from a hopper. The hopper was extremely 
large, containing hundreds of tonnes of alumina, and used 
multiple feed and discharge points. The hopper discharge 
was controlled using a screw conveyor which then fed a 
belt conveyor system. This discharge system normally 
operated quite satisfactorily. However, on one occasion 
the discharge operation occurred normally until one third 
of the contents remained in the hopper, when the entire 
contents flooded rapidly and uncontrollably out through 
the screw conveyor and over the ground. 
Other investigations have shown that powders react in 
a liquid-like manner when the powder is fully fluidised or 
when the powder is subjected to high shear rates. 
However, the transition from normal powder flow to 
characteristics similar to a liquid, and the cause of the 
apparent random nature of this transition, have not been 
investigated. 
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The overall objective of this thesis was to develop a 
method to investigate the causes of this transition to 
liquid-like flow. This entailed a review of existing 
literature, which identified the main mechanisms causing 
the transition to be aeration (fluidisation) and shear 
velocity. To study these mechanisms a type of shear cell 
was required which was able to characterise the shear 
properties of the powder, while under aerated conditions. 
Existing equipment appeared inappropriate for the shear of 
powders in the aerated state and therefore a new 
measurement system was required. 
A new type of shear cell was developed enabling the 
shear of aerated powders. The equipment is based on 
couette geometry. The development and the finalised 
design of this equipment is reviewed. 
The ability of the new shear cell to effectively 
measure the shear stress developed under shear conditions 
is evaluated with a variety of powders, studying the 
effect of shear velocity on aerated powders well below 
fluidisation. 
Interesting results were obtained when comparing a 
standard sample of material with another sample of the 
same material which was known to have flooded. This 
highlighted the importance of small quantities of fines in 
increasing the possibility of flooding. A further study, 
with a series of model powders, investigated the 
importance of the particle size distribution and the size 
range critical for a given powder. 
2 
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2. LITERATURE REVIEW 
2.1 Introduction 
The research presented in this thesis postulates that 
powders can exhibit liquid flow characteristics when under 
low aerated conditions and subjected to shear. As the 
flow of aerated powders is a relatively new field of 
research, this chapter reviews the literature to put this 
field in context with current knowledge in powder flow. 
The review of the development of research into powder 
flow highlighted the lack of understanding and 
experimental technique in this field. To fully appreciate 
a material which exhibits powder and/or liquid flow 
characteristics, a background to the flow of liquids and 
powders was necessary. To characterise the flow 
properties of both liquids and powders, the shear 
properties of the materials must be known. The 
development of a new characterisation method applicable to 
aerated powders therefore required an appreciation of the 
limitations of existing powder shear test equipment. 
An existing method used to characterise fluidised 
solids was also reviewed, as this was used as a comparison 
throughout the thesis. 
2.2 Historical Background 
The study of powder flow as applied to the process 
industries is relatively new in particulate research. The 
Civil Engineering profession has investigated soil 
behaviour for many years. Soil is an amalgam of different 
particle species, interacting often under the influence of 
a fluid media such as water. The development of theories 
for foundations of structures has been the forerunner in 
soil research. The basis of modern methods for practical 
calculations into soil resistance and strength is still 
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the Theory of Earth Pressure and Resistance produced by 
Coulomb in 1776. 
Although the static behaviour of particulates ha~_ ~_ 
been studied for so long, the understanding of granular 
flow is more recent. An early example is a paper by 
Hagen, in 1832, investigating the consistent flow of sand 
through an hour glass, a phenomenon that had been utilised 
for time-keeping for centuries. 
Research into the flow of process powders initially 
followed the more traditional areas of soil mechanics, 
that of compaction and stability. Engineers wanted to 
design efficient (workable) equipment to handle powders. 
Research centred around consolidation of powders and how 
the angles of friction affected the strength of a bulk 
powder. Powders were modelled as a Coulomb Solid, defined 
by Coulombs friction laws of 1785, where permanent 
deformation does not occur until failure (i.e. plastic 
flow does not occur). 
Consolidation forces acting on a powder sample, and 
the past history of these forces, proved to be a major 
factor in defining the flow properties of a powder. Shear 
cells were developed to quantify the effect of external or 
body forces on the powder in relation to the yield 
parameters of the powder. These provided data for the 
development of procedures which enable the reliable design 
of powder handling equipment. 
The investigation of powder mechanics more expanded 
into the study of powders partly or completely supported 
by another phase. The initial impetus was from reaction 
kinetics where solids were frequently used as a reaction 
catalyst. Previously, gaseous or liquid reactant mixtures 
passed through a static, confined powder bed. However, 
large increases in reaction rates could be achieved by 
suspending the solid particles in the mobile phase, 
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increasing the catalyst to reactant media contact. The 
particle systems began to flow like liquids. 
The interaction between the solid particles and the 
gaseous phase forms three distinct regimes. This can be 
easily seen in Figure 2.1, where the pressure drop across 
a powder bed is plotted against the air flow per unit area 
through that bed. Initially the pressure drop increases 
on increasing the air flowrate above zero, as the air is 
passing through a static bed. Once the air flowrate is 
sufficient to minimise the shear stress of the powder so 
that the particles become mobile, or fluidised, the 
pressure drop remains essentially constant. However, when 
the flowrate of the gaseous phase is sufficient to 
transport the powder bed the pressure drop will start to 
increase again with increased flowrate. 
i'--P Pneumatic 
Transport 
Q/A ~ 
Figure 2.1: Pressure Drop Across an Aerated Bed 
This latter regime forms the basis of pneumatic and 
vacuum conveying systems. Here the solid particles are 
transported by the gaseous phase, enabling movement over 
reasonable distances. This permitted the confined 
transportation of solids, minimising human contact. The 
powders could be enclosed, with human contact more remote 
6 
and with efficient dust containment while deaerating. 
This often is essential for pharmaceutical or food 
products. An increase in efficiency was therefore 
possible with better designed processes. 
The most recent area of research is the investigation 
into the properties of powders in the sub-fluidised state 
(i.e. a high solids content with an interacting gaseous 
phase). Little work has been done in this area of 
research. The instigation of the present account was 
mainly due to the need to understand the flooding 
phenomenon. 
Flooding occurs when a powder behaves more as a 
liquid, in circumstances where normal powder flow 
properties are expected. 
Situations have occurred when normal powder 
handling equipment is operating satisfactorily, then 
suddenly it is unable to contain the material. Powder 
flow control equipment normally relies on the powder 
arching to bridge gaps and maintain constant flow. 
However, liquids will always flow out of an aperture under 
gravity, unless the aperture diameter is very small when 
surface tension will prevent flow. Powders exhibiting 
liquid flow characteristics are consequently unable to be 
contained effectively by normal powder control systems, 
and the transformation can result in large quantities of 
the powder flowing uncontrollably through small gaps in 
equipment/piping. This can be a hazard as well as an 
inconvenience. 
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2.3 Rheology of Liquid Flow 
Commonly encountered liquids tend to flow when 
experiencing an external force, whether this is suddenly 
applied or constant, such as gravity. The intermolecular 
forces of liquids are small enabling the molecules to move 
easily over each other and unless confined, gravitational 
forces will cause the liquid to move. The extent of this 
movement is mainly determined by the viscosity and surface 
tension, which relate to the effect of the inter-molecular 
forces. The higher the viscosity and surface tension, the 
larger the forces holding the individual molecules 
together and the larger the forces required to initiate a 
given movement of the liquid. The relationship between an 
applied shear stress causing the fluid to deform at a 
given rate, is the viscosity. This relationship differs 
greatly between liquids, however, certain generalised 
theories cover them. 
Simple liquids follow a linear relationship as 
defined by Newton's model. 
~ = Shear stress 
1.1 = Viscosity 
~ = Shear rate (Strain rate) 
Deviations from this Newtonian model do occur, 
although many of these non-newtonian fluids are solid 
suspensions in liquids. They form three main categories: 
i) Time Independent (Pseudoplastic, Dilatant, 
Bingham Plastic) 
ii) Time Dependent 
iii) Viscoelastic 
(Thixotropic, Rheopectic) 
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Pseudoplastic and dilatant flow can be expressed in 
terms of a power law, (Figure 2.2a): 
n = Power Law Coefficient 
giving 't" = - Ila ~ Ila = "apparent" viscosity 
when: 
lA = K ~ n-l 
a 
n = 1 
n < 1 
n > 1 
Liquid follows Newton's model 
Liquid isPseudoplastic - apparent 
viscosity decreases with shear rate 
(Shear Thinning) 
Liquid is Dilatant - apparent 
viscosity increases with shear rate 
(Shear Thickening) 
Pseudoplastic rri t 
Newtonian f = i =}J 
Ci)/-' 
Dilatant ... ,.<: .. 
., 
QJ 
~ 1: !1:y 
Shear Rate, 0 ----- Shear Rate, 0 
a) b) Bingham Plastic 
Figure 2.2: Rheology of Fluids 
Bingham~lastics are perhaps the simplest non-
newtonian fluid in that the shear stress is still linear, 
with respect to the shear velocity, once flow has been 
initiated. However, a more interesting phenomenon is that 
the material exhibits a yield stress before flow can occur 
(Figure 2.2a). 
9 
t 
'I: = 'I: + 
Y 
-I' 
(-I'~) = Yield Stress 
,'I: >= 'I: 
Y 
This clear cut yield stress is a simplification of 
the real system where the actual curve resembles Figure 
2.2b. However, this only creates an error of less than 
2%, at the low shear rates, Ca/dwell &:Babbitt [11]. 
Thixotropic fluids possess a more defined structure 
than the fluids so far described. The breakdown of the 
structure is dependent on the shear rate and the time the 
material is subjected to that shear. This is easily 
illustrated in Figure 2.3, where a shear diagram is shown 
for an increasing and decreasing shear rate, the material 
being held at the maximum shear rate for different lengths 
of time. Rheopectic fluids meanwhile, rapidly increase in 
apparent viscosity when rhythmically stressed. 
t = 0 t t t = t z 
-
15 
-
Figure 2.3: Effect of Time on the Shear Properties 
of Thixotropic Fluids (~ > \ > 0) 
Viscoelastic fluids are mainly polymeric materials 
which exhibit an elastic recovery from deviations which 
occur during flow. Normal stresses are exerted in 
addition to the usual stresses in the direction of flow. 
10 
The response of the Bingham Plastic type of fluid has 
been found to model powder flow after transferring to 
exhibiting liquid flow characteristics and is referred to 
later in this thesis. 
2.4 Mechanism of Powder Flow 
2.4.1 General 
As described in Section 2.3, most liquids flow when 
an applied force acts on ~he body of the fluid, however, 
this is not necessarily the case with powders (or a 
Bingham Plastic). 
Powders exhibit an inherent strength due to the 
highly structured packing of the individual particles. A 
powder will not flow until the shear stress exceeds the 
yield stress of that material. This can be regarded as 
similar to trying to move two solid objects relative to 
each other when physical contact between the two exists. 
The force required to initiate that movement is dependent 
upon the friction between them. In a powder, however, the 
situation is more complex as it consists of many particles 
each maintaining frictional contact with several 
neighbours. The properties of the individual particles 
are important to the mechanism of flow as well as those of 
the bulk powder. The main properties are given in Table 
2.1. 
The diversity of these properties indicate the 
immense task required to develop theoretical models to 
cover the flow of real powders, which contain particles 
covering a wide spectrum of these properties. 
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Table 2.1: Properties Important to Powder Flow 
Particles Bulk Powder 
Particle Size Size Distribution 
Particle Shape Bulk Density 
Particle Density segregation 
Porosity/Pore Volume Fluidisability ] 
Specific Surface Area permeability 
Hardness Hygroscopy 
Brittleness Electrostatics 
Chemistry 
Products Effective Angle of Friction 
of Various Angle of Internal Friction 
Properties Cohesion 
Compressive strength 
However, if you initially consider a powder of 
spherical mono-sized particles the mechanism becomes 
clearer. 
If the particles in that ideal powder are arranged so 
that the bulk density of the powder is at its maximum 
(porosity at minimum), the structure resembles that of a 
crystalline solid. Movement of the body of this solid can 
only occur by shearing between individual planes of 
spheres. For this to happen one plane must separate 
itself from its adjacent planes. This is necessary as 
each sphere can be regarded as nestling 
by adjacent spheres on the plane below. 
adjacent particles of 
in a cup created 
Similarly, it is 
the plane above. restrained by the 
The separation of these planes is known as dilatancy and 
requires an input of energy for it to occur. This energy 
must come from an external source, such as a shear/force, 
and relates to the yield stress of the solid. Dilation 
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therefore occurs due to shear, whereas;) compaction occurs 
due to pressure. 
Although this description of the shear process can be 
regarded as an idealised and extreme example, real powders 
will have to undergo a similar dilatancy before flow will 
occur, albeit in a more complex fashion. Reynolds (1885) 
discovered dilatancy; quote '[t consists of a definite change of 
bulk consequent on a definite change of shape or distortional 
strain, any disturbance whatever causing a change of volume and 
generally dilation'. The act of dilation can be shown 
with two simple examples. 
The first, used by Reynolds [54], is that of a 
footstep on wet sand with visible surface moisture. Foot 
pressure imparts shear forces within the sand causing 
dilation, creating more/larger interstices. As time is 
required for water to permeate through the body of the 
sand, the surface water will fill the holes causing the 
surface around the foot to appear dry. 
The second, involves a vertical tube of 20-25mm in 
diameter containing a steel rod with the annular gap 
filled with compacted sand. If the length of this filled 
tube is greater than O.5m a strong man would not be able 
to remove the rod. As the free surface is very small, the 
material is unable to dilate sufficiently to allow 
granular flow. If the rod is mechanically removed, the 
particles adjacent to the rod will have been crushed to 
permit this movement. 
Once a dilated plane exists within the bulk powder, 
flow can occur. When movement occurs, particles will 
continuously return to the pockets created by the 
particles in the plane below. This will result in an 
appropriate relaxation of the shear stress and require 
additional energy (shear force) to continue the movement 
(Cheng & Ri chmond [17]). Hence, the shear force required 
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for continuous flow consists of high frequency components, 
as the individual particles undergo this movement-
relaxation cycle. This high frequency oscillation of the 
measured force is often referred to as slip-stick 
friction. Budny [9] uses this phenomena as a method for 
powder flow characterisation for deformable materials, see 
Section 2.5.3. 
The yield stress is a function of the dilatancy 
required to transfer from the initial steady state to that 
of a powder about to flow. It is highly dependent on the 
past history of that powder, especially the compact ion 
forces. Meanwhile, the frictional force required to 
maintain movement is a function of the properties listed 
in Table 2.1. 
The fact that powder has to overcome this yield 
stress before flow can occur enables powders to exist in 
heaps on a flat surface. The angle of repose of these 
heaps is often taken as an indication of the flowability 
of a powder. The larger the angle of repose, the greater 
the cohesion and the larger the ratio of the yield stress 
of the unconsolidated solid to that in the consolidated 
state. The angle of repose is often taken as the angle of 
internal friction, although this may differ and is readily 
measured in various shear cells. 
Carr [14, 15] developed an empirical approach to 
characterise the tendency of a powder to flow, based on 
four evaluated properties: 
1. Ang/ e of Repose - Angle to the horizontal of a 
cone of material, formed when a small quantity 
of that material is dropped from a certain 
height. 
2. Campr e s s j b iI j t Y - The di f f erence between the 
packed and the aerated 'bulk densities, divided 
by the packed bulk density 
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3. Angle of Spatula - The angle formed by the powder 
on a spatula when it is inserted horizontally 
into the material and lifted out vertically 
4a. Cohesion - Obtained by determining the retention 
of material on a nest of 60, 100 and 200 mesh 
screens, after a certain length of time. This 
is only used for testing sub 200 mesh powders. 
or 4b. Coefficient of Uniformity - This is the sieve 
size that passes 10% of the powder divided by 
the size that passes 60%. 
Carr [14, 15] also developed an empirical approach to 
characterise the tendency to flood. Simple equipment was 
used to measure powder properties which could then be 
combined with the flowability index above to evaluate a 
floodability index. 
Floodability was defined as the tendency to liquid-
like flow due to natural fluidisation of a mass of 
particles by air. The floodability index was calculated 
from an additional three powder properties: 
1. Angle of fall - Angle to the horizontal of a cone 
of material on a metal plate, produced to 
measure the angle of repose, when vibrated by 
dropping a 111 gram weight from a height of 
7in. on to the plate, five times. 
2. Angle of difference - Difference between the angle 
of repose and the angle of fall. 
3. Dispersibilty - A 4 in. diameter, 13 in. long 
plastic cylinder is supported 4 in. above a 
4in. diameter watch-glass. A 10 gram sample of 
material is dropped from a point source 7 in. 
above the top of the tube. The amount of 
material landing on the watch-glass is taken as 
a measure of dispersibilty. A powder which has 
>50% loss being regarded as highly floodable. 
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2.4.2 Yield Loci/Mohr's Analysis 
lenike [37] developed a theoretical approach to 
characterise the flow properties of powders by modelling 
the powder as a continuous solid and not as a collection 
of individual particles. The approximation to a rigid 
plastic solid (Coulomb Solid) limited the range of 
stresses to those that do not 
of the constituent particles. 
limiting stress cause failure 
cause permanent deformation 
Stresses equal to the 
or flow of the solid. 
The shear properties of a powder are modelled by 
successively shearing at different normal forces after 
subjection to various consolidation loads. If a powder is 
initially consolidated with a known normal load and then 
sheared with an equal normal force the shear stress can be 
measured. If this consolidation procedure is repeated, 
with reduced normal forces during shear, a curve relating 
the shear stress to the applied normal force during shear 
is produced for the given consolidation load. This is 
known as the yield locus, as shown in Figure 2.4a. 
Similar curves can be obtained for other 
consolidation loads, defining a family of yield loci as 
shown in Figure 2.4b. If the material had been cohesion-
less these curves would be coincident. A line passing 
through the points of maximum consolidation for each yield 
locus forms an angle (6) with the a-axis, known as the 
Angle of Internal Friction. The angle of internal 
friction can be thought of as a frictional coefficient 
within the powder and represents the conditions in a 
flowing powder. Some researchers extend the yield loci 
over the .-axis referring to the tensile strength of a 
powder, see Figure 2.4c. 
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An analysis of these yield loci can be performed by 
utilising a standard geometrical construction known as 
Mohr's stress circle which defines the forces acting on 
any element within the powder. 
t Yield Locus t 
"t 
consolidation 
load 
0----
a) Yield Locus 
t 
L 
"t 
S = Angle of 
Internal 
Friction 
0----
b) Family of Yield Loci 
--- ::-:--~;:::--~?...----
----- -------~ -...... ~",... 
------ .. 
---
---
o • 
c) Tensile Strength 
Figure 2.4: Yield Loci 
Consider initially the two dimensional case where a 
normal stress, a, and 
element, Figure 2.Sa. 
shear stress, T, are acting on an 
The plane on which these stresses 
act can be related to an orientation where the shear 
stress is zero. This orientation (e) relates the applied 
stresses to the Principal 
along the Principal Axes. 
Stresses, a 1 & a 2 , which act 
The Mohr's construction defines 
17 
°1 
B 
A 
a) 
° t (O:t) 
1: 20 
0 0 0 1 t c 0 
°2 
Shear Forces b) Mohr's Circle 
Figure 2.5: Shear Stress Analysis on a 
Two Dimensional Element 
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the forces acting on any element within the powder by 
relating to the Principal Stresses. Equation 2.1 defines 
the Mohrs Circle shown in Figure 2.Sb. 
(2.1 ) 
If the three dimensional system is now considered, a 
series of equations similar to equation 2.1 can be 
developed which relate to the three principal axes. These 
can be represented graphically in the two dimensions by 
three circles, each circle considering the situation 
whilst one axis remains constant. The effect is that two 
of the circles exist within the other circle as shown in 
Figure 2.6a. If two principal stresses are equal, one 
circle will exist as a point while the other two are 
coincident. 
Now le~s reconsider the yield loci shown in Figure 
2.4a. If a Mohr's circle is drawn so that the yield locus 
at a given normal load is tangential to the circle, 01' 02 
& 03 represent the principal stresses for that given 
pOint, Figure 2.6b. 
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t 
t 
a) Mohr's Circle 
t Yield Locus 
b) Principal stresses Associated with 
a Point on a Yield Locus 
Figure 2.6: Shear Stress Analysis on a 
Three Dimensional Element 
If the circle is drawn through the point where the 
normal force during shear is equal to the consolidating 
force, then the major principal stress is called the 
Maximum Principal Consolidating Stress, ac ' Figure 2. 7a. 
01 = Max. Principal 
Consolidating Stress 
0-........ 
t 
a ---I .... 
a) Maximum Principal Consolidating 
Stress 
b) Unconfined Yield Stress 
Figure 2.7: Principal Consolidating Stress 
and Unconfined Yield Stress 
If the situation now considered is where the minor 
principal stress, a l , is zero this relates to the 
situation when a free surface occurs (i.e. no normal 
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load). The major principal stress in this case is known as 
the Unconfined Yield Stress (fc )' Figure 2.7b. 
Both these principal stresses are a function of the 
maximum value of consolidation and are therefore dependent 
on the stress history of the powder as well as the powder 
properties. The relationship between the maximum 
principal consolidating stress and the unconfined yield 
stress is known as the Flow Function of the powder. 
It should be emphasised that for a cohesion-less 
powder all the yield loci would be coincident. The powder 
would have a Maximum Principal Consolidating Stress, 
however the Unconfined Yield Stress would be zero. This 
means that the powder should flow if a stress was applied. 
However, mechanical interlocking of particles can still 
cause the powder to arch and suppress flow. 
2.4.3 Application to Processing Equipment 
An item of processing equipment can impose an applied 
stress on to the powder (by gravitational or external 
forces) and depending on the geometry and function of the 
equipment, this applied stress can be related to the 
consolidating stress. In Jenike's hopper design [371, 
this relationship is linear and known an the flow factor 
(ff), where ff is the inverse of the hopper angle and is 
specific to the particular design of hopper. If the flow 
factor is drawn on the same diagram as the Flow Function 
(Figure 2.8) an intercept occurs. At an applied stress 
greater than the critical stress, fc(critical), the 
applied stress exceeds the strength of the free-surface of 
the powder and flow will therefore occur. Likewise, at 
values of applied stress lower than the critical stress, 
flow can not occur due to the larger strength of the 
compacted powder. 
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Figure 2.8: Flow Function 
2.5 Shear Test Equipment 
2.5.1 Translatory Shear Cells 
Two dimensional Shear Cell (Figure 2.9) 
This type of cell was developed for the study of the 
basic movements of particles under shear. Umeya et a/ 
[65] used it for studying dilation and translational, 
rotational and sliding movements of individual particles, 
while shearing "model" powders. 
The apparatus consisted of a split rectangular box 
arrangement, the powder filling the two rectangular 
sections and consolidated by ~ known force. Applying a 
horizontal force to the lower ring creates a shear force 
within the "powder" contained in the cell. Umeya 
approximated to two dimensions by using long thin 
polythene tubes as the particles, thereby only permitting 
two dimensional displacements. To create cohesion the 
surface of the "particles" were coated with varying 
amounts of adhesive. 
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Figure 2.9: Two-Dimensional Deformation 
Apparatus ( Umeya ) 
Transparent walls to the boxes enabled high-speed 
photography for later analysis of particle movement. 
These experiments identified that when movement is 
initiated only the particles adjacent to the shear plane 
are effected, moving away from the plane below, 
highlighting that dilation is required for flow to occur. 
However, as the displacement increases, the region of the 
bulk powder exhibiting motion increases. 
Although these results are for an idealised powder, 
the cell enabled detailed analysis of the basic principles 
of shear induced motion. 
Jenike Shear Cell (Figure 2.10) 
This cell was developed, by lenike [37], from 
techniques used in soil mechanics, to provide the data for 
the basis of his design methods for mass-flow and core-
flow hoppers. This method treated powders as a coulomb 
solid, measuring the yield loci and applying Mohr's 
analysis. 
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Shear 
Force 
lNormal Force Shear Plane 
---... ~ Sample 
Figure 2.10: Jenike Shear Cell 
The cell consists of three concentric rings placed on 
a base and filled with powder. A maximum consolidating 
load is applied to a lid placed on top of the powder 
sample. The lid is rotated through a small angle to 
condition the powder, ensuring even compaction. The lid 
and top ring are removed and the powder surface levelled. 
The lid is then replaced and a smaller normal load, a, 
reapplied. 
applied to 
recorded. 
An increasing horizontal shear stress is then 
the upper ring and the final steady value, T, 
By repeating this procedure a relationship between 
the normal load and the shear stress is obtained for a 
given initial consolidation load producing a yield locus 
(T- a curve), see section 2.4.2 for further details. 
The main disadvantage of this cell is that the cross-
sectional area decreases with increased displacements and 
therefore the strain available is limited, a fact 
seemingly ignored by~ya in the two-dimensional cell. 
However, this cell is widely used for the design of 
storage equipment. As the geometry is confined, it would 
be very difficult to aerate the powder in this cell. 
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Triaxial Shear Cell (Figure 2.11) 
The triaxial test equipment was developed as an 
attempt to independently control the three principal 
stresses 0 1 , O 2 , 0 3 during shear. This type of cell is in 
common use by civil engineers for soil testing and is 
reviewed by Bi shop & Henkel [6]. MeeTlmn [47] further 
developed the cell for application in the metallic powder 
and ceramic industries. 
Normal 
Load 
Oil -----o~ 
Cavity 
Test 
Sample 
Rubber 
Membrane 
t Oil under I Pressure 
Figure 2.11: Triaxial Shear Cell 
A cylindrical test sample is enclosed between two 
end-plates and a "rubber membrane. A radial stress is 
applied hydraulically to the membrane (01= O2 ) and an 
axial stress (03 ) is then applied to the end plates until 
powder failure occurs. The applied stresses are principal 
stresses. Bishop & Henkel showed that the length to 
diameter ratio of the powder sample should be 
approximately equal to two, to avoid significant errors 
due to frictional end effects at the axially loaded end-
plates. The standard triaxial test prepares the sample by 
tapping it until a maximum tapping density is obtained. 
Meermgn extended the system by isostatically compressing 
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the sample prior to shearing the sample. The objective of 
the isostatic compression, where 0 1= O 2 = 0 3 , is to 
produce an even porosity throughout the sample. 
Although accepted in soil mechanics, the triaxial 
shear cell has had limited use in powder technology. This 
is due to irregularities in the failure surface occurring 
because of difficulties in maintaining uniformity of 
stress and strain within the powder sample. This has been 
improved by the development of Meerman. 
As the load bearing mechanisms completely surround 
the sample, the apparatus can only be used for compression 
shearing of powders and it would therefore be impossible 
to adapt for use to shear aerated powders. 
Biaxial Shear Cell (Figures 2.12-2.13) 
The principle of this cell was to directly produce 
the flow function of a powder, rather than rely on the 
theoretical inferences of the Jenike method. A powder 
sample is compressed in the vertical direction by the 
major principal stress, 01' resulting in horizontal 
expansion. This expansion is restricted by the minor 
principal stress, O 2 , so that the expansion equals the 
compression. This steady state is known as "Steady State 
Flow" (Figure 2.12a) and determines 0c' If the horizontal 
stress is removed and the vertical stress increased slowly 
from zero, the powder will fail when the value of the 
Unconfined Yield Stress (fc) has been reached (Figure 
2.12b). 0c and fc define the Flow Function. 
Hooker & Rodemocher [28] adapted a triaxial tester to 
perform this operation, however, the strain capabilities 
of this apparatus is limited. Arthur et 01 [1] initially 
developed a system using pulling sheets and restraining 
bags as illustrated in Figure 2.13a. A cubic sample is 
subjected to normal and shearing stresses on four of its 
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Figure 2.12: Definition of the Flow Function 
(Biaxial Shear Cell) 
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Figure 2.13: Biaxial Shear Cell (Arthur et al) 
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sides, whilst the other two are not allowed to deform. 
Control ofax ' ay, ~x & ~y enables rotation of the 
principal stresses. 
~thu, et al [2] have since developed a more 
sophisticated version of this apparatus, Figure 2.13b, 
creating a flexible boundary biaxial tester. The boundary 
consists of a flexible pressure bag with a light-control 
mechanism monitoring the movement of the bag and hence the 
pressure exerted on the sample. The controller adjusts 
the backing plate accordingly to maintain a planar front 
face and optimum positioning of the bags for correct 
boundary stresses. The principal strain data was 
obtainable from the position of the backing plate and 
enabled the computation of the flow function. 
The reported data corresponds fairly closely to that 
produced using a Jenike Shear Cell. 
Simple-Shear Cell (Figure 2.14) 
Roscoe [57] developed a cell in which the whole 
sample could be sheared, as opposed to the narrow shear 
planes in cells like the Jenike shear cell. The sample is 
confined laterally by a rubber membrane and axially by 
rigid plates, the top surface experiencing a normal load. 
On applying a shear force horizontally to the top surface, 
the sample will shear throughout the depth of the sample 
due to the constraints of the rubber membrane maintaining 
a constant horizontal cross-section. The lateral 
deformation therefore remains fairly uniformly distributed 
over the height of the sample. 
Applications for this test cell have been limited due 
to difficulties in sample preparation. It can not be 
applied to aerated powders as the changing vertical cross-
section would distort the air flow profile. Various types 
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have been developed by other researchers, namely Youd 4< 
Craven [69], Dyvik et al [21], Kyellman [43] and Ochiai et 
al [50]. Dyvik also modified his apparatus to investigate 
cyclic loading. 
Shear 
Normal 
Force 
Force Sample 
Figure 2.14: Simple-Shear Cell 
2.5.2 Rotational Shear Cells 
Annular Shear Cells (Figures 2.15-2.17) 
This type of cell was developed to give facilities 
for unlimited strain, a shortcoming of all the translatory 
shear cells. Various designs have been produced, although 
the basis is the same for them all. 
The initial cell consisted of an annular trough 
filled with the sample powder, which is rotated while the 
lid is maintained in a stationary'position. The force 
required to maintain the lid stationary is the measure of 
the shear stress. The shear plane is situated in the 
powder adjacent to the lid. This was developed in the 
early sixties by Carr 4< Walker [16], Figure 2.15. 
The main problem with the annular shear cell is that 
as the radius of an element of the sample is increased, 
the strain rate increases, due to the sample being 
subjected to a constant angular velocity. To overcome 
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this, a large external radius is required with a small 
ratio of radii, Ro/Ri. However, reduction in the width of 
the sample increases the effect of wall friction, 
therefore a compromise is always required. 
Annular 
Shoe 
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Compression or 
Counterbalance 
Force 
Shear 
Torque 
Arm"" 
Force 
sa:~p~l:e~~~~~~~~~~~~~~~~:~+-+- Annular Trough 
Bearing 
Gear Motor 
Base 
Figure 2.15: Annular Shear Cell 
ScaTlett cl Todd [63] developed a split-lid shear cell 
to eliminate these wall effects, Figure 2.16. The guard-
ring principle was used, where the lid consists of three 
concentric rings. The inner and outer rings were anchored 
stationary, whilst the shear force measurement was made on 
the middle ring. Therefore, an outer annulus and an inner 
annulus of powder shielded the middle annulus from the 
effect of wall friction. Scar/ett cl Todd also measured 
the depth of the shear plane using 1-ray adsorption and 
showed that the shear plane was very narrow, equivalent to 
less than ten particle diameters. 
Peschl cl Colijn [52, 53] and Gebhard [25] have 
compared results obtained with standard annular shear 
cells to those obtained using a Jenike shear cell. 
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Figure 2.16: Split-ring Annular Shear Cell 
(Scarlett & Todd) 
Recently, Noyosad [49] developed an annular shear 
cell which shears the whole sample and not just a thin 
shear plane. Instead of a stationary lid and a rotating 
annular container as the base, the sides of the container 
were divided into a series of rings, each with an 
independent drive mechanism (Figure 2.17). If a 
sufficient number of independent rings are used the whole 
powder sample could be caused to shear, approximating to a 
linear velocity profile down the powder bed. The cell can 
operate at a constant normal stress or at a constant bed 
porosity. The intention was to develop the cell so that 
the yield locus could be followed directly. 
Problems with the original apparatus involved the 
sealing of the rotating rings and therefore the 
experiments were limited to self-lubricating powders such 
as graphite. 
The annular shear cell has now established itself as 
the basis for shear cell design required for investigating 
the rapid shearing of powders and is used by various other 
researchers for this purpose. (See Chapter 7). 
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Figure 2.17: Annular Shear Cell (Novosad) 
Rotational Split Level Sheartester (Figure 2.18) 
Peschl [51] and Peschl cl Colijn [52, 53] have 
developed a split ring shear cell that moves the shear 
plane away from the lid, to the middle of the powder 
sample. This reduces the "end effects" due to varying 
powder conditions at the surface of the sample or slippage 
at the powder-surface interface. The cell consists of a 
rotating disc of powder as opposed to an annulus of powder 
as in the previous cells, Figure 2.18. The base and lower 
ring rotate whilst the upper ring and lid are held 
stationary, the normal load is applied to the lid. 
The Peschl equipment is computer controlled, so that 
once the cell has been loaded the microprocessor 
increases/decreases the normal load automatically, 
enabling a full family of yield loci to be produced with 
only one sample preparation. The sample is reconditioned 
between tests by shearing at the consolidated load before 
reducing the normal load again. 
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Figure 2.18: Split-Level Rotational Shear Cell 
Couette Geometry (Pigure 2.19) 
A couette design was first used by Bagnold [4] to 
investigate lead stearate droplets dispersed in a paraffin 
wax. The equipment shears an annular ring of powder 
between two concentric cylinders, Figure 2.19. Unlike the 
annular shear cell the shear force is exerted on the 
powder by the rotation of one or both of these vertical 
cylinders. Measurement of the shear stress is normally on 
the inner cylinder. This is similar in principle to the 
couette viscometer used for liquids. 
Bagnold designed the equipment to have a narrow 
annular gap to maintain an essentially uniform shear 
across the sample. This constant shear has been reported 
by Bailard cl Inman [5], who adapted Bagnold's original 
theories to account for variations in shear velocities 
across the annulus. 
The geometry of a couette shear cell is the most 
readily adaptable to the investigation of the flow of 
aerated powders. The author has adapted the couette 
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design for investigating the shear properties of powders 
at low aeration rates and this equipment is the subject of 
this thesis. Initial results have been published, Lloyd cl 
Webb [44, 45], and are included in Appendices D & E. 
Hobbell cl Scar/ell [32] utilised a similar design, after 
early work at Loughborough, to investigate aerated powders 
near the fluidised region. 
Force 
Transducer 
Radial 
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<....!.) Rotational 
Velocity 
Annular 
Test 
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Figure 2.19: Bagnold's Couette Shear Cell 
2.5.3 Other Types of Shear Cell 
Slip-Stick Friction (Figure 2.20) 
Budny [9] developed an instrument for studying the 
slip-stick nature of powder flow, as a method of 
characterisation, Figure 2.20a. The slip-stick phenomena 
is caused by the increasing shear stress as the shear 
plane dilates in order for flow to occur, followed by 
momentary relaxation as particles fall to rest on the 
particles below, as described in section 2.4.1. This 
cycle is then repeated for flow to continue, causing a 
high frequency oscillation of the measured stress, as 
shown in Figure 2.20b. 
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a) Slip-Stick Friction Apparatus b) Typical Trace 
Figure 2.20: Measurement of Slip-Stick Friction 
Budny fitted experimental data to the following 
equation: 
where: ~l= Internal Friction Coefft. 
~s= Slip stick Friction Coefft. 
It was found that the amplitude of the slip-stick 
component of the shear stress decreased at high shear 
velocities. This would be due to insufficient time for 
stress relaxation to occur. 
On a limited number of powders Budny found that the 
slip-stick friction was related to the inverse of the 
surface-mean-diameter particle size. It was also shown 
that a correlation existed between the slip-stick friction 
and a.tensile strength measurement, but as these are both 
related to the cohesion of the powder this is perhaps 
expected. The main use for this apparatus would be for 
obtaining flow information on cohesive powders where a 
high consolidation force could cause particle deformation. 
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Tensile Stress Measurement (Figures 2.21-2.23) 
AShton et al [3] developed a split-plate tensile 
tester. It consisted of a circular cell filled with 
powder, one half of which was free to move, Figure 2.21. 
Initially the powder sample is consolidated and then the 
load removed. The two semicircular sections are pulled 
apart, the force required being a measure of the tensile 
strength of the compact. 
Shear Plane 
Shear Force 
Bearings 
Figure 2.21: A Tensile Tester 
Eckhoff et al [23] have combined tensile strength 
data with Failure Loci from Jenike shear cells and have 
queried the results obtained from the Jenike Shear cell at 
low normal forces, a view expressed by Mol erus [48] and by 
Schubert [64]. 
Molerus and Schubert imply isostatic conditions for 
the tensile tests as shown by Figure 2.22a, compared to 
Eckhoff's theory of Uniaxia1 conditions, Figure 2.22b. 
Molerus bases this on the sequence of arguments, quote: 
'Since the powder is not a true continuwn, but is composed of 
individual particles of finite size, the 'zero thickness' case is 
in practice represented by a mono-layer of particles resting on 
the bottam plate of a test cell. Consequently the ~chanism of 
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rupture [tensile failure] is in that case a straight forward 
separation of pairs of single particles. which in turn is the 
only basic process implied in isostatic tensile deformGtion of a 
powder .pecimen". 
't Shear Tests 't Shear Tests 
Tensile Data Data 
\ ..... ~ ... ............. :::::::::::::::::::::, ':. ::::. 
o o 
a) Isostatic Conditions b) Uniaxial Conditions 
Figure 2.22: Combination of Shear Test and Tensile 
Test Data - Isostatic & Uniaxial Conditions 
Both the tensile stress theories believe that the 
Jenike shear cell underestimates the shear stress at low 
normal stresses, implying the yield loci curves should be 
more like the dotted curves in Figure 2.22, rather than 
the actual data at the low normal loads. 
Although the interpretation of the tensile data 
differs, the effect in the low compressive load region is 
similar. It implies that a powder sample can be 
experiencing both compressive and tensile forces when 
under shear, as indicated by the Mohr's circle overlapping 
the .-axis. Eckhoff [23] in fact states that in a private 
communication Jenike suggested that tensile components are 
experienced in the cell at low normal loads, a situation 
for which the cell was not designed, and therefore 
underestimates these values. 
Although Mohr's circles can be fitted to the low 
region of Jenike's shear data, lenike and lohanson in the 
operating instructions for the shear cell [38] specify 
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that values below one-third of the normal stress for 
consolidation should be avoided, especially when applied 
further to hopper design. Therefore, the Mohr's circle to 
obtain the Unconfined Yield Stress should be fitted to an 
extrapolation of the upper section of the yield locus 
(Figure 2.23), rather than the downward turning section as 
implied by ECkhoff [23]. 
Extrapolation 
Yield Locus 
Figure 2.23: Mohr's Analysis at Low 
Consolidation Loads 
2.6 Fluidisation 
Geldart [26] developed a method for the 
classification of powders by fluidisation with air, based 
on mean particle size and bulk density. Powders were 
divided into four groups; 
Group A consists of powders of small mean particle 
size and/or low particle density (~s < 1.4 g/cm3). These 
powders expand considerably before bubbling, and then 
collapse slowly on cutting off the air supply. The powders 
mix rapidly, even when only a few bubbles are present. 
The powders are free-flowing. 
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Group B powders are in the ranges 40 ~<d <500~, 3 sv 
l.4<~s<4 g/cm. Bubbling starts at or slightly above the 
minimum fluidisation velocity. Bed expansion is small. 
Little or no mixing of the powders occur in the absence of 
bubbles. The powders are free-flowing. 
Group C powders tend to be cohesive, fluidisation is 
extremely difficult and the materials channel or rat-hole 
badly. Inter-particulate forces are greater than those 
exerted by the gas on the particles, generally as a result 
of a small particle size and/or strong electrostatic 
charges. The powders generally can be fluidised by the 
use of mechanical stirrers or vibrators to break up the 
channels. 
Group D powders have large and/or dense particles and 
spout readily. 
Figure 2.24 shows the Geldart Powder Classification Diagram. 
100-r--+I-+,HHH~--~~rT~*---~~~ 
10 100 1000 
Mean Particle Size, d ID sv' 
Figure 2.24: Geldarl Classification Diagram 
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~/erus [48b] produced a classification method 
similar to Geldart's, based on limiting conditions imposed 
by inter-particle cohesion forces. The powders are 
classified into the same four groups, separated by the 
following three limiting conditions: 
1. Group C - Group A: For type C powders, adhesion 
forces exceed the drag forces exerted by the 
percolating gas, preventing particle motion. 
2. Group A - Group B: For type B powders, the adhesive 
forces· are negligible in comparison with the drag 
forces exerted by the percolating gas. 
3. Group B - Group D: The Boundary is given by 
= -1 
The transition zones generated by the limiting 
conditions of Molerus are similar to those produced by 
Geldart's Classification. 
Throughout this thesis, powders are compared by 
reference to Geldart's Classification Method. 
2.7 Flooding 
Flooding is the phenomenon where powders change from 
normal Coulomb solid flow to exhibiting liquid flow 
characteristics. This transition can occur suddenly and 
with serious consequences. 
As described in Section 2.4.1 Carr [14] developed an 
empirical method to characterise a powder's flowability. 
This was then extended with three additional tests to 
characterise a powder's tendency to flood. 
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Geldart &.Williams [27] identify that a mechanism of 
powder flooding from a hopper is the powder fluidising on 
discharge. This can happen due to a pressure less than 
atmospheric occurring in the converging section of the 
hopper, if there is an appreciable resistance to air flow 
through the powder bed. This negative pressure gradient 
at the outlet can cause air to flow in through the outlet. 
This air ingress can have two effects on the discharge 
rate; either the additional drag on the particles reduces 
the powder flow, or, the particles fluidise and flooding 
occurs with a rapid discharge. 
Various researchers have shown that powders also 
exhibit liquid flow characteristics when subjected to 
rapid shear. This is covered in more detail in Chapter 7. 
[4, 5, 10, 12, 29, 30, 32, 34, 44, 45, 59, 60, 61, 62]. 
Lloyd &. Webb [44, 45] developed a shear cell capable 
of characterising the shear properties of aerated powders 
to investigate the flooding phenomenon. This apparatus 
has shown that powders can exhibit liquid flow 
characteristics well below fluidisation, and in some cases 
at very low shear velocities. This work forms the core of 
this thesis. 
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2.8 Conclusions 
1. Current knowledge in powder flow is centred around the 
flow of consolidated powders and fully fluidised 
powders; Little research has been done on partially 
aerated powders. 
2. Flooding is an important industrial phenomenon which 
is little understood. The main factors have been 
identified as aeration and shear velocity. 
3. To fully understand the flooding of a powder, the 
appropriate shear and aeration conditions need to be 
identified. 
4. Existing shear test equipment are not easily adaptable 
to the characterisation of aerated powders. A new 
design of shear cell is therefore required. 
5. The couette shear cell is the most appropriate 
apparatus to re-design to enable the shear of aerated 
powders. 
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3. DESIGN OF A NOVEL SHEAR CELL 
3.1 Introduction 
The review of existing shear test equipment revealed 
that none of the shear cells were capable of, nor 
adaptable to, handling powders in an aerated or fluidised 
state. Previous work conducted by Bagno/d [4], showed 
that couette geometry is readily applicable to systems 
involving two phases, lead stearate droplets in a paraffin 
wax substrate. However, his systems were homogeneous 
suspensions and not particles in an aerated state, 
maintained in that state by a continuously moving medium. 
As his system did not involve a moving fluid, the powder 
could be enclosed and a normal force applied to the shear 
plane. This enabled the measurements to be related to the 
shear measurements obtained from the later and now more 
conventional Jenike Shear Cell, Bailard & Inman [5]. 
Couette geometry can be easily applied to the 
shearing of aerated powders, provided control of the force 
normal to the shear plane is not required. In order to 
adapt couette geometry to this environment, development 
progressed through a series of prototypes. These 
determined the magnitudes of the experimental variables 
and investigated the princip~J) design criterion. 
Couette geometry implies that the shear test uses two 
concentric cylinders to shear the powder. It was 
therefore necessary to provide the means of rotating both 
of these cylinders independently and in such a way that 
the stress transmitted to one of the cylinders could be 
measured. The two cylinders also enclose the aerated 
powder. 
Results from the prototype experiments showed the 
importance of the stability and rigidity of the measuring 
system and the ability of the shear cell to form a well-
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defined shear plane. Elasticity within the measurement 
system proved to be very troublesome and careful design of 
the final equipment was required to reduce this effect to 
a minimum. 
3.2 Review of the Prototypes 
The concept of using couette geometry for the 
shearing of powders was investigated with a series of 
three prototypes~ providing preliminary inform~tion as to 
the way the aerated powder behaved. 
The Mark I was an adaptation of a Ferranti-Shirley 
viscometer, the apparatus comprising of a stationary outer 
cylinder, whilst the inner cylinder rotated. The torque 
induced between the cylinders was measured with an 
electro-mechanical dynometer on the inner rotor. The 
machine was able to explore the applicability of couette 
geometry to shear tests.,: ,However, the equipment suffered 
acute instabilities in the measurements, especially at 
high aeration rates. 
The Mark II was designed in particular for 
investigating the dependence of the shear stress on the 
shear rate for fluidised solids, a dependence that had 
been highlighted by Bollerill & Abdul-Halim [8]. The 
apparatus used the principle of measuring the shear stress 
on one cylinder, the stress having been transmitted 
through the test powder due to the other cylinder 
rotating. It was chosen to rotate the inner cylinder and 
to measure on the outer. Initial work proved promising, 
with results showing a 
high shear rates used. 
grain-inertia type regime at the 
Unfortunately, on adaptation to 
investigate aerated as opposed to fluidised conditions, 
the much higher shear forces proved too large for this 
apparatus. 
1. Inilial develop.ent .as undertaten prior to this project by previous students 
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These two prototypes indicated that couette geometry 
could be applied to the shear of aerated powders and gave 
an indication of the magnitude of the forces and 
rotational stresses required. The types of results were 
similar to those obtained by other workers using other 
systems, such as Bagnol d (Solid-liquid), Savage (Solid) 
and Bolterill (Fluidised Solids). 
The Mark III apparatus adapted the principle of the 
Mark 11, by rotating the outer cylinder and making 
measurements on the inner cylinder using a torque meter, 
which increasing the sensitivity of the equipment. The 
powder bed was enclosed by the outer cylinder and rotated 
with it; the aerating air was entered through special 
bearings. Severe problems, however, existed in the 
stability of the measurements in the aerated state. 
Results from this equipment highlighted four aspects of 
the design which could be improved in order to minimise 
any instability; 
1. Axial symmetry and the physical stability of the 
measurement system. 
2. The accuracy of the drive mechanism to maintain 
constant speeds under rapidly altering 
conditions. 
3. The use of a rotating fluidised bed introduced 
problems of centrifugal effects and unnecessary 
complication of the bearing system to prevent air 
escape. 
4. Stored energy was found to amplify these 
instabilities. (see below) 
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Powder flow exhibits a natural slip-stick type flow, 
Cheng & Riclvnond [17]. Stress builds up until it is 
sufficient to cause failure and the development of a shear 
plane. This is then followed by a momentary relaxation of 
stress, after which the process may be repeated. The 
measurements of the transmitted stress therefore 
continually fluctuate. 
Mark III prototype was 
torque, applied by the 
The measurement system for the 
based on a spring system. The 
powder to the detection· rotor, was 
measured as a function of the deflection in the retaining 
spring. However, on relaxation of the shear stress, the 
elastic recovery of the spring caused large oscillations. 
Any elastic recovery in the measurement system was shown 
to enhance this slip-stick behaviour and under certain 
circumstances amplify it. 
3.3 Design Parameters 
Based on the data obtained from the prototypes, the 
following design philosophy was evolved. The main 
criterion for design was to produce an accurate drive and 
measuring system for an adaptable shear cell design. This 
adaptability was required to fully investigate and 
optimise the design of the Couette shear cell. See 
Section 4.4 for details. The eight main parameters used 
in the design are given below; 
1. A (~table platform on which both drive and measurement 
systems could be mounted. This could then be used 
for different designs of shear cell. 
2. The geometry of the probe must not be fixed. The 
ability to change the geometry of the outer cylinder 
and/or the detection rotor was essential if the 
measurements were to be shown to be a true 
characterisation of the powder. 
3. The cylinders should be accurately axi-symmetric. 
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4. There should be accurate, sensitive and independent 
rotational control for both the inner and outer 
cylinders. 
5. The internal rotor should be used to measure the 
transmitted stress and mounted on a 'friction-less' 
bearing. 
6. The stress measurement system should be sensitive, 
capable of many measurements per revolution and to be 
stiff with a minimum of elastic recovery. It should 
be capable of measuring both high and low transmitted 
stresses with similar accuracy. 
7. The powder bed should be independent of the probe and 
designed so that the depths of powder could be 
altered. The available rate of aeration should range 
from zero to that causing fluidisation. 
8. The system· should be computer controlled, enabling 
accurate speed control and providing the measurement 
system with adaptable methods of data acquisition. 
3.4 Design Details 
3.4.1 Shear Cell 
The design of the equipment provided two independent 
drive mechanisms upon which shear cells of any annular 
design could be attached. The cell acts like a probe 
dipping into the aerated powder bed. The prototypes 
highlighted the necessity of ensuring a good contact 
between the powder and the surfaces of the shear probe. 
It was therefore decided that a toothed design would 
ensure the best powder/rotor contact. The cell was 
constructed in such a way that it enabled the study of 
both the geometry and the nature of these surfaces. 
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Section 4.4 shows the details of an investigation 
into the geometry of the inner rotor. The number and size 
of the rotor's vanes were varied and the use of a 
perforated mesh attached to the rotor studied. The 
perforated mesh design was chosen in a similar project by 
Scarlett '" Hobbel [32, 62]. The conclusions of the 
investigation resulted in the rotor design being comprised 
of a central core and eight 15 mm vanes, without an 
enclosing mesh, being adopted as standard. 
An investigation was also conducted into the optimum 
design of the shear gap and outer cylinder design, see 
Chapter 7. It was concluded that no slip will occur 
between the outer cylinder and the powder in the cell's 
annulus, provided that the inner surface is comprised of 
vanes of at least 5 mm in length. The shear gap was taken 
to be 10 mm, after thorough investigation with alumina, as 
this distance was over 30 times the largest particle size 
expected in the test cell, an important criterion when 
shearing a powder. Figure 3.1 show the surface geometry 
of the shear cell, whilst Figure 3.2 gives the dimensions 
of the standard cell. 
An objective behind the development of the shear cell 
was to obtain a bed of powder evenly aerated, especially 
in the shear plane. The aerated bed is independent of the 
shear cell, consisting of a Perspex box with a porous 
base. As a consequence of the couette geometry, a degree 
of preferential aeration will occur along the powder-
metallic interfaces, such as the central rotor. The 
effect of using a toothed (vaned) central rotor is to form 
the shear plane away from the main mass of the central 
rotor, the only powder/metallic contact near the shear 
plane being the tips of the vanes. Therefore, most of any 
preferential aeration that occurred would be inside the 
shear plane. At aeration rates approaching fluidisation, 
this region of higher aeration inside the shear plane is 
expected to influence and distort the results obtained. 
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Figure 3.1: Shear Cell - Photograph of Surface Geometry 
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Figure 3.2: Dimensions of the Shear Cell 
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The method of the attachment of the shear cell to the 
drive mechanism is shown in Figure 3.3. 
3.4.2 Drive System 
The basic specification for the drive system was a 
large speed range with accurate rotational speed control, 
ideally with individual controllers to relieve the master 
computer from motor control duties. The motors selected 
were printed circuit dc motors which exhibit low inertia 
and low friction. The four quadrant design provided 
dynamic breaking and a rapid response to change. Each 
motor has a tachogenerator connected to an individual 
control system. The speed of rotation of the motor can be 
continuously varied between 0 and 4550 r.p.m. This speed 
is altered by an external voltage, which could be supplied 
by the computer control system. 
A gearbox reduced the velocity range to 0 - 150 
r.p.m. and provided more power at lower revolutions. The 
outer cylinder was driven by a timing belt giving a 
further 2:1 reduction. Dummy drive wheels are used to 
provide a symmetrical drive. (See Figure 3.4) 
The motor and gearbox for the inner cylinder were 
mounted directly on to the rotor shaft. This formed part 
of the measurement system (see Section 3.5). Figure 3.4 
shows the mounting arrangement for the drive motor, the 
pulley system and the connections to the outer cylinder. 
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a) Part I 
b) Part II 
c) Part III 
Figure 3.3: Mounting Procedure 
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Figure 3.4: Photograph of the Drive Mechanism 
3.4.3 Bearing System 
Prototype development highlighted the need for a 
stable measurement system, with both the outer cylinder 
and the inner rotor of the probe being axi-symmetric. To 
ensure the axial symmetry, the bearing systems for both 
drives were manufactured from a common cylindrical block, 
hung from the top plate of a heavy floor stand. 
In order to facilitate accurate measurement of small 
shear stresses, the bearing arrangement for the detection 
mechanism needed to be friction-less. The inner cylinder, 
which was to be used to measure the transmitted forces 
therefore required a friction-less, but restraining 
bearing. To minimise any axial wobble and vertical 
motion, a sophisticated air bearing system 'was developed. 
A total of eight air bearings were mounted within the 
block, the internals of the block being accurately 
machined to provide support for the bearing arrangement 
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and individual air ducting. The cylindrical bearings, 
each 50 mm in length and 100 mm apart, provided the axial 
support, Figure 3.5a. The mass of the inner cylinder, 
shaft and rotor, was supported by an arrangement of three 
air pads acting on the under-side of a disk, machined at 
90 degrees to the axis of rotation of the shaft. A 
further three pads acted upon the upper surface of the 
disk, preventing upwards motion of the shaft (Figure 
3. 5b) . 
At an air pressure of 5.5 bar, the air bearing system 
minimises the movement of the rotor to 0.05 mm axially and 
0.03 mm longitudinally. 
Cylindrical 
Alr Bearings 
a) Axial Support 
Linear 
Air Pads 
(6 in Total) 
b) Vertical Support 
Figure 3.5: Bearing System for the Inner Rotor 
The outer cylinder was mounted on the outside of the 
block. Two sets of needle bearings 160 mm diameter and 30 
mm in length, were mounted 150 mm apart, to provide 
maximum support and stability, as shown in Figure 3.6. 
Additional air ducting within the block, provided an air 
purge of the needle bearings to reduce dust ingress and 
53 
Figure 3.6: Bearing System - Overall Arrangement 
possible damage. Subsequently, felt pads were also used 
to further reduce the dust ingress. 
3.4.4 Control System 
The apparatus was computer controlled, the system 
being in three distinct sections, a host computer, two 
motor drive systems and an A/D converter. See Figure 3.7 
for a schematic diagram of the system. Full details of 
the control and data acquisition programs are given in 
Appendix C. The host computer was a BBC/TORCH Z80/6502 
dual processor system. Each motor had individual feedback 
control systems, dedicated to rapid response control of 
the motor. Each motor is under controller command even 
whilst stationary. Communications between the two was via 
a CIL 6380 "intelligent" 16 bit A/D converter (hereafter 
referred to as the CIL), which provided four output 
channels, four relays and eight input channels. The CIL 
possessed a Z80 CPU with 4 kbytes of RAM, which could be 
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programmed to operate in parallel with the host computer, 
eee Section 3.5 for details. This division of tasks 
enables rapid data acquisition and analysis, and accurate, 
rapid control of the drive systems. The computer monitors 
the air pressure to the air bearings, and will cut out the 
motors if there is a failure in the air supply. This 
would prevent extensive scuffing damage of the surface of 
the air bearings if this air failure occurred whilst 
rotating the inner rotor. 
Disc - Torch Micro Epson FX80 
.. -Storage .. Z80/6502 CPU .. Printer 
'Ir j~ 
CIL A/D 
Converter 
• ~ , l~ l 
Controller Controller 
A B 
j~ 
Tacho
rl ' ,I. Il Tacho 
Motor Motor 
A B 
-] 
Force Air 
Transducer Transducer 
Figure 3.7: Control System - Schematic Diagram 
3.5 Xeaeurement System 
Powder flow exhibits a natural slip-stick type flow, 
caused by the dilation of the shear plane at the instant 
of shear failure. The shear stress increases until 
failure and then there is a subsequent momentary 
relaxation of the measured stress, whilst the shear plane 
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contracts. This causes the instantaneous measurements of 
the transmitted shear stress to continually fluctuate. 
Any elastic recovery in the measurement system was shown 
to enhance this slip-stick behaviour and under certain 
circumstances amplify it (see Section 3.2 on the review of 
the prototypes). To minimise this effect the new 
measurement system was designed to be stiff, with minimum 
elastic recovery. 
One of the design parameters of the apparatus was to 
enable the measurement of the shear stress transmitted to 
the 'friction-less' inner rotor, whilst the rotor was 
rotated at speeds up to 150 r.p.m. This was achieved by 
mounting the motor and gearbox freely on the central 
rotor. Consider the situation when the outer cylinder is 
rotated; the interaction between the powder and the inner 
rotor will cause the inner rotor to rotate. If this 
rotation is stopped by a force transducer, the force 
transmitted by the powder shearing is measured. This 
reaction force will also be the transmitted shear force if 
the inner rotor is rotated by the freely mounted motor. 
The position of the transducer can be altered, acting 
at different positions on the gearbox body, thus providing 
a lever to give mechanical magnification of the forces and 
enabling very small transmitted stresses to be reliably 
measured. Figures 3.8a & 3.8b show the motor and 
transducer arrangement. 
3.5.1 Force Measurement 
The selected transducer must be a stiff system, 
keeping any movement to a minimum. A Sharp SL4120LR Low 
Profile Load Cell was chosen. This is a four-arm strain 
gauge system, the specification of which is given in Table 
3.1. 
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, a) Front View 
. \ 
. b) Side View 
Figure 3.8: Motor & Transducer Arrangement 
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Max. Load 
Max. Output Voltage 
(100% FSD) 
OVerload Capacity 
Non-Linearity 
Hysteresis 
Max. Deflection 
10 Kg (101.35 N) 
1 volt dc 
150% FSD 
0.05% FSD 
0.03% FSD 
0.05 nun 
Table 3.1: Load Cell Specification 
The load cell was calibrated by the manufacturers.:J 
~owever, on incorporation into the the shear cell 
measurement system, it was again calibrated by applying 
known torques to the inner rotor of the shear probe. A 
torque to the inner rotor versus load cell output 
calibration was thus obtained. The load cell output was 1 
volt for an applied force of 101 N to the load cell. The 
load cell/lever arrangement enabled small shear forces to 
be amplified so that the force applied to the load cell 
was in the centre of it(s~J operating range. 
3.5.2 Data Processing 
Even though extreme care had been taken in the design 
of the measurement system, to avoid enhancing any 
instabilities, rapid fluctuations in the transmitted force 
were observed during cOnunissioning. This is the expected 
response due to the slip-stick nature of powder flow. 
Consistent results were obtained by taking a large number 
of readings per revolution and averaging. The eIL was 
progranuned in machine code, to take 1000 readings during 
the time taken for the shear cell to rotate two 
revolutions. This data is then processed, checked for any 
overload conditions in either the transducer or the A/D 
converter, and then averaged. This average is then sent 
back to the host computer. 
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The data transmitted to the computer is converted 
into the shear force at the shear plane, using the 
calibration of the equipment, the position of the lever 
and the dimensions of the shear cell. The data can 
finally be converted into shear stresses at the end of the 
experiment when the height of the shear plane can be 
ascertained. Details of the machine code program is given 
in Appendix B. 
The elL takes readings when activated by the host 
computer and this occurs at time intervals specified 
whilst setting up the experiment. The ability to program 
the elL in parallel to the host computer, cut processing 
and transmission time to only two seconds. This enabled 
data to be logged at speeds of twelve readings per min., 
at a rotational speed of 40 r.p.m., three seconds were 
used for taking readings and two seconds for processing 
and transmission of the data. 
3.5.3 Data Display and Storage 
The main program run on the host computer performs 
six main tasks: 
1. Supervision of the motor controllers. 
2. Monitoring of the air pressure to the air bearings. 
3. Activation of the elL at specified time intervals. 
- Data acquisition, processing & transmission 
4. Data Display. 
- Numerical & Graphical 
- Data Smoothing 
5. Data Storage. 
6. Printout of Results. 
The data display routines provide a dynamic data 
display and review package. Data is automatically 
displayed on the VDU screen until the space available is 
exceeded, then the review procedure becomes operable. 
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This utilises a screen window technique, where the screen 
can be regarded as a window that scans over the larger 
database and is controlled by function keys. Data review 
occurs whilst the program is still monitoring the 
experiment and acquiring additional data as required. The 
display can switch between numerical and graphical 
display. The numerical display routines display the 
following information: 
1. The actual time the reading was taken (hh:mm:ss) 
2. The elapsed time since the start of the 
experiment (in seconds and hh:mm:ss) 
3. Actual shear force data. 
4. Smoothed shear force data. 
5. Standard deviation of the smoothed data. 
The raw data is stored on disk at the end of the 
experiment. All experiments on a given day are stored in 
the same file for ease of data retrieval. A separate 
review program is available for data retrieval from disk 
storage with similar display and printout facilities to 
the shear experiment program. Full descriptions of all 
software are given in Appendices B & C. 
3.6 Conclusions 
A shear cell capable of shearing aerated powders has 
been built, based on the couette geometry. (Figure 3.9) 
The equipment provides two independent drive 
mechanisms on both the inner rotor and outer cylinder. 
Complex bearing, drive and measurement systems have 
been developed to ensure concentric operation of the shear 
cell, to maximise stability and to minimise elasticity 
within the equipment. 
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Data acquisition methods smooth the data so that high 
frequency fluctuations in the measured shear stress, 
generated during the shear process, do not distort the 
overall readings. 
Figure 3.9: Overall Photograph of the 
Experimental Apparatus 
61 
CHAPTER FOUR 
EXPERIMENTAL PROCEDURE 
AND 
INNER ROTOR DEVELOPMENT 
BXPBRIHENTAL PROCEDURE & 
INNER ROTOR DEVELOPMENT 
4.1 Introduction ................................. 63 
4.2 Experimental Procedure ........ . ............ . 63 
4.3 Reproducibility .............................. 67 
4.4 Inner Rotor Design ........................... 69 
4.5 Conclusions .................................. 72 
62 
4. EXPERIMENTAL PROCEDURE & INNER ROTOR DEVELOPMENT 
4.1 Introduction 
The commissioning of the shear cell was performed in 
conjunction with the development and evaluation of the 
measurement system (Section 3.5). The experimental 
procedure was developed using powders ranging from free-
flowing to very cohesive to maximise the reproducibility 
of results. 
A series of experiments identified that the optimum 
geometry of the inner (measurement) rotor, should be an 
eight vaned rotor. The effect of the width of the shear 
gap was also investigated. These results are discussed in 
Chapter 7. 
4.2 Experimental Procedure 
In order to prepare a sample for the shear test, it 
was necessary to fluidise the material to remove any 
inherent structure. 
Free-flowing powders were found to aerate and 
fluidise easily, however, cohesive powders occasionally 
caused problems. Channels form within these powders, 
allowing air a low resistance pathway through the 
material, which causes uneven fluidisation. This was 
normally overcome by increasing the air flowrate well 
above fluidisation, using a piece of porous media to 
confine the powder in the shear cell, followed by a slow 
reduction in the air flowrate to the required aeration 
level. Sometimes however, it was necessary to ensure 
initial even aeration by rapidly charging the powder into 
the cell, whilst continuing to aerate. 
The following standard six step procedure was adopted 
for most powders: 
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1. Fill the cell with the test powder. 
2. Set the depth of immersion of the inner rotor into the 
powder bed. 
3. Fully fluidise the powder to remove any inherent 
structure. 
4. Select the aeration rate and set the outer cylinder 
rotation to a pre-selected speed. To avoid possible 
overload of the motor control system on start up, ramp 
the speeds of the motors, over five seconds, to the 
desired settings. 
5. At selected time intervals, take 1000 readings during 
two revolutions of the shear cell, average and record 
this result. As the shearing of powders show slip-
stick nature, it is necessary to perform this 
averaging routine, as the individual values of the 
transmitted shear stress vary significantly about the 
mean value. (see Figure 4.1 for an example) 
6. Repeat step 5 as necessary, until a steady state of 
the transmitted shear stress is attained. 
Note: Steps 2 & 3 may be reversed for cohesive powders. 
Readings were regularly taken at specified intervals 
(normally one per minute), until a steady-state value of 
the transmitted shear stress was attained. The time 
required to reach this equilibrium varied according to the 
powder being tested. Cohesive powders, such as phenol 
formaldehyde, reached a steady value very quickly. Free 
flowing powders such as alumina and sodium carbonate, 
however took up to one hour to achieve a steady state. 
Figures 4.2, 4.3 & 4.4 show examples of the transmitted 
shear stress versus time for various powders. 
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The equilibrium values thus obtained, provide one 
data point for the various graphs in the following 
sections. 
4.3 Reproducibility 
A series of reproducibility tests wli.!(; run to 
identify the accuracy of the experiments. Great care was 
needed to obtain a uniform behaviour in the powder. This 
was usually achieved by fully fluidising the material, 
then reducing the air flow rate to that required, see 
Section 4.2. Sometimes, however, uniformity was not 
achieved if the transmitted stress showed unusual 
behaviour or if air bubbled through part of the bed. 
These situations were easily identified and the run 
abandoned and restarted. 
Three powders were selected to examine a wide range 
of powder properties: 
1. Alumina - Free-flowing, narrow size range, relatively 
high static porosity. 
2. Ground Phosphate Rock - Free-flowing, wide size range, 
relatively low static porosity. 
3. Phenol Formaldehyde - Cohesive 
More detailed physical properties are given in 
Chapter 5 and Appendix A. The alumina powder was tested 
at three aeration rates and three different rotational 
shear velocities. 
Five repeat experiments were made for each powder and 
aeration rate considered, and the shear stress measured at 
the end of these tests were examined. 
The analysis of these tests, Table 4.1, show that for 
free-flowing powders the standard deviation between the 
results is fairly constant for all the experiments. 
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Phosphate Phenol 
Alumina Rock Formald. 
Airflow 
cm/sec. 0 0 0.270 0.405 0.651 0.133 
% of Umf 0 0 29 44 38 -
Rotational 
Speed rw 0.262 0.458 0.131 0.262 0.0982 0.082 
(m/sec.) 
Test 1 619.5 657.3 264.4 143.8 744.3 21.3 
2 626.9 687.2 293.2 111.3 750.6 35.7 
3 607.3 681.4 284.7 103.6 713.2 34.6 
4 631.1 662.8 259.1 135.5 722.5 28.6 
5 611.1 674.5 290.1 116.3 732.9 32.3 
Average 619.2 672.6 278.3 122.1 732.7 30.5 
st. Dev. 10.1 12.5 15.5 16.9 15.3 5.8 
Coeff. of 
Variation ~ 1.6 1.9 5.6 13.8 2.1 19.0 
All results are transmitted shear stress, N/m 2 
Note: 
st. Deviation 
Coefficient of variation = ----- x 100% 
Average 
Table 4.1: Reproducibility of Shear cell Tests 
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The variation is less than 5% of the measured value, 
for aeration levels up to 30 - 40% of U
mf • Above this 
value, the inherent randomness of the shear process 
becomes more significant. Increasing the shear velocity 
seems not to effect this level of variation. 
The phenol formaldehyde was less reliable, due to its 
low absolute value of shear stress and channelling. 
Extreme care had to be taken to ensure eve"n aeration at 
the start of a test, however, a stable shear plane and 
channelling formed rapidly. The measured value of the 
shear stress was highly dependent on the amount of 
channelling that occurred. Excessive channelling diverted 
air away from the shear plane, thereby increasing the 
particle-particle contact and increasing the stress 
measured. 
4.4 Inner Rotor Design 
The rotor design consisted of a central cylinder, 
which could have vanes attached in various configurations. 
The commissioning tests investigated the effect of the 
number of vanes and the use of a perforated mesh. 
The four configurations investigated were: 
1. 4 vanes 
2. 8 vanes 
3. 12 vanes 
4. 8 vanes and a perforated mesh (Figure 
Standard alumina powder was used to test the 
geometries under various aeration conditions and 
rotational speeds (Figure 4.6). 
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Consider the set of curves depicting no airflow. All 
four geometries gave similar results, with the measured 
shear stress constant upto a rotational speed, rw, of 0.35 
- 0.4 m/sec., and then at higher speeds an increase in 
shear stress was observed. The shear plane in these 
experiments was well-defined and stable, although with 
only four vanes some disruption of the shear plane 
occurred. 
If the set of curves showing an airflow of 0.205 
cm/sec. (22% of the minimum fluidisation velocity) U~~now 
considered, a large difference in the measured shear 
stress can be seen when only using four vanes. Meanwhile, 
the difference between eight and twelve vanes appears 
small, the experiments took similar times to reach 
equilibrium, and the shear plane formed was stable and 
circular. However, with only four vanes on the rotor, the 
shear plane was not circular and the measured transmitted 
stress was always lower than that obtained with a rotor 
having more vanes. 
The use of the perforated screen on the outside of 
the vaned rotor provided similar results to the eight and 
twelve vaned versions with a stable shear plane at low 
aeration rates. However, preferential aeration at the 
powder/metallic interface can interfere with the shear 
plane at high aeration rates. The perforated screen 
combination has a large area of metal close to the shear 
plane and this is likely to adversely effect results at 
high aeration rates. 
Based on these results, the effect of the geometry of 
the inner cylinder on the transmitted shear stress is 
small, provided a stable shear plane can be formed. 
Increasing the number of vanes increases the fraction of 
the shear plane that is in close proximity to a 
powder/metallic interface. An eight vaned rotor was 
chosen as this minimised the powder/metallic interface 
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near to the shear plane, whilst maintaining a stable shear 
plane. 
4.5 Conclusions 
The design of the inner rotor should be a central 
cylinder with a minimum of eight vanes attached 
symmetrically in order to maximise the stability of the 
readings. 
An experimental procedure, as outlined in Section 
4.2, has to be adhered to, to ensure any inherent 
structure is destroyed before commencing the experiment. 
For free-flowing powders, the experiments were 
consistent at aeration levels up to 30 - 40% of the 
minimum fluidising velocity. Above these levels the 
standard deviation of the results could exceed 5% of the 
absolute value of the shear stress. 
Cohesive powders can be tested in this equipment, 
although much more care is required in the experiment. In 
general, a poorly set up test is obvious as the measured 
transmitted shear stress is erratic and does not reach 
equilibrium. 
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5. CHARACTERISATION OF AERATED POwnERS 
5.1 Introduction 
The shear cell equipment was commissioned using an 
alumina powder, as described in Chapter 4. Alumina was 
chosen because of its'.:)free-flowing properties, enabling 
easy aeration and stable readings with the new equipment. 
In order to investigate couette geometry more fully, a 
wide range of powders needed to be tested. Five powders 
were chosen to cover a variety of aspects of powder 
properties: 
1. cohesive/Free-flowing Powders 
2. particle:) Size Ranges 
3. Powder Porosity 
Five powders formed the central core of test 
materials: 
l. Alumina 
2. Ground Phosphate Rock (GPR) 
3. Sodium Carbonate 
4. Sodium Triphosphate 
5. Phenol Formaldehyde 
These powders can be grouped under the three powder 
properties above, as indicated in Table 5.1. The ground 
phosphate rock material consisted of particles in the 
range from 1 - 500 ~ with approximately 35% below 30 ~. 
For the purposes of this chapter this material was 
classified at 30 ~ and the >30 ~ cut was used as the 
standard GPR material. This provided a free flowing 
powder with a low powder porosity and a wide range of 
particle sizes. 
74 
Flow Particle 
Properties Size Range 
Alumina Free-Flowing Narrow 
Sodium Triphosphate Free-Flowing Intermediate 
Ground Phosphate Rock Cohesive! Wide 
Phenol Formaldehyde Cohesive Wide 
Sodium Triphosphate Cohesive Wide 
Note 1: The >30 j.UII cut is free-flowing 
Table 5.1: Grouping of Test Powders 
The particle size distributions for the test 
materials are shown in Figure 5.1 and Appendix A. 
Powder 
Porosity 
High 
High 
Low 
-
-
All these powders were supplied by member companies 
of IFPRI, who sponsored this project. Flow problems had 
been previously observed with all of these powders. For 
example, the alumina which is free-flowing with a mean 
particle size of about 80 j.UII, had flooded from a screw 
conveyor whilst discharging from a large storage hopper. 
The phenol formaldehyde, a cohesive material with a 
particle size of 22 j.UII, has caused difficult problems with 
de-aeration and containment whilst aerated. 
The primary task of the shear cell was to study the 
flow characteristics of aerated powders. Secondly, to 
investigate whether any of the observed characteristics 
would yield information on the flooding phenomena, i.e. 
how does a powder flow like a liquid and why is this 
property so intermittent. The criterion to be 
investigated were the effects of aeration and the shear 
plane velocity. These had previously been shown to be 
significant from initial results using the prototypes. 
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This chapter reviews the work carried out using these 
powders, and concludes that aeration and the shear plane 
velocity are significant factors in powder flow and can be 
used to explain how powders flood. Section 5.4 compares 
the standard alumina powder with a sample of alumina that 
had actually flooded, highlighting a factor in the cause 
of flooding. This launched a detailed investigation into 
how the particle size distribution is related to the 
possibility of flooding, using the alumina and ground 
phosphate rock materials. Model powders, with varying 
particle size distributions, were tested in the shear 
cell. The review of these experiments is given in detail 
in Chapter 6. 
5.2 Previous Characterisation Methods 
In general, the methods used throughout industry for 
the characterisation of aerated powders and which may 
cause problems are; particle size analysis, minimum 
fluidisation velocity (U
mf ), the Geldart Classification 
Method [26] and the original floodability index developed 
byCarr [14, 15]. Details of these last two methods are 
given in Chapter 2. The minimum fluidisation velocity of 
a powder depends on the particle density and the static 
porosity. A powder with a high content of fine particles 
amongst a matrix of significantly larger particles would 
tend to have a low static porosity. 
The particle size distributions shown in Figure 5.1, 
were obtained using Sieve Analysis (>45 ~), Sedigraph 
«90 ~m) and Coulter Counter «45 ~). The Phenol 
Formaldehyde was analysed using a Malvern Laser 
Diffractometer. Full analyses are presented in Appendix 
A. Other particle data are presented in tabular form 
throughout the chapter as required. 
Figure 5.2 shows the IFPRI powders on the typical 
Geldart plot. Alumina, sodium carbonate and ground 
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phosphate rock being on the Group A - B borders. Alumina 
and sodium carbonate show characteristics more associated 
with a Group ,A material, with extensive movement of the 
powder even at low aeration rates. Ground phosphate rock, 
, 
however, is fairly stable and therefore more closely 
associated with a Group B material. All of these three 
powders are free-flowing. Sodium triphosphate and phenol 
formaldehyde are on the Group C border and show cohesive 
properties. 
These methods provide valuable information, however, 
the data that can be provided from the shear cell 
supplements the results with details of the shear 
characteristics of the powder. These will mirror the 
action of the material flowing, whether flowing as a 
normal powder or in a liquid-type regime. 
5.3 Characterisation in the New Shear Cell 
5.3.1 Introduction 
The series of experiments has been divided into two 
sections, 'Free-flowing Powders' and 'Cohesive Powders' • 
The apparatus was able to study the free-flowing powders 
very successfully. However, the cohesive type of powders 
proved extremely difficult to test, as the occurrence of 
excessive channelling in the powder caused the 
measurements to be less reliable. 
5.3.2 Free-flowing Powders 
For the purpose of this investigation the free 
flowing powders were alumina, ground phosphate rock (>30 
~ fraction) and sodium carbonate materials. Table 5.2 
provides summarised data on the powders' properties. 
Geldart's classification method [26] defines the materials 
as borderline between Group A and Group B. This indicates 
that the powders would aerate easily and evenly. This was 
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confirmed and the powders maintained an even aeration 
during the experiment, provided the procedure outlined in 
Section 4.2 was followed. 
Ground Sodium 
Powder Property Alumina Phosphate Carbonate 
Rock 
Particle Size - d 50 , lUll 80 140 120 
Particle Size - d sv ' lUll 61 102 88 
Particle Density. Kg/m3 3290 2790 1430 
Bulk Density. Kg/m3 1163.1 1630.4 583.0 
Static Porosity 0.646 0.416 0.592 
Relative Collapse 
Time. secs 4.61 3.03 4.07 
Minimum Fluidisation 
Velocity. cm/s 0.92 1.7 0.66 
Table 5.2: The Properties of the Free-flowing Powders 
5.3.2.1 The Bffect of Aeration 
The experimental procedure developed during 
commissioning to ensure even aeration, required that the 
powder sample must initially be fully fluidised to break 
up any inherent structure. The air flowrate (volume 
flowrate of air per unit area) is then adjusted to the 
required setting on starting the shear action. All three 
powders remained evenly aerated during shearing, except 
when the air flowrate setting exceeded 50% - 60% of the 
minimum fluidisation velocity. Above this flowrate, 
preferential aeration at the powder/metallic interface 
caused an unacceptable disruption of the shear plane and a 
subsequent severe drop in the transmitted shear stress. 
This uneven aeration was accentuated at higher rotational 
speeds. 
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At low aeration rates (i.e. below 50% U
mf ) all three 
powders showed that the transmitted shear stress is 
markedly reduced by increased aeration rate. Figures 5.3 
- 5.5 show these results, an explanation of which is given 
below. 
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When a powder flows, a region of increased porosity 
(critical porosity) is formed in the shear plane. The 
shear stress will increase until this porosity is reached 
and this porosity must be attained before flow can occur. 
The shear stress (Yield Stress) required to generate 
flow would therefore be expected to depend on the initial 
porosity, the particle density, and the particle size 
distribution. Although sodium carbonate and alumina 
materials have a similar static porosity, the particle 
density became the overriding factor on the value of the 
shear stress measured. Meanwhile, the much lower static 
porosity of the ground phosphate rock, compared to 
alumina, resulted in a relatively high yield stress. 
Increasing the aeration rate increases the initial 
porosity of the bulk powder and therefore reduces the 
dilation required to reach the critical porosity of the 
powder. The net effect is a reduction in the shear stress 
needed to attain the required dilation. 
81 
The strength of the powder, as measured by the 
transmitted shear stress is therefore reduced. A summary 
of the Figures is giv.en in Table 5.3. 
% Reduction in Transmitted Stress 
Ground 
llr Alumina Phosphate Sodium 
Flowrate Rock Carbonate 
10% Umf 37% 15% 35% 
20% Umf 51% 37% 49% 
30% Umf 56% 54% 60% 
U
mf , cm/sec. 0.92 1.7 0.66 
Note: The C~otational speed in the shear plane = 0.131 m/s 
Table 5.3: Reduction in the Transmitted Stress 
Compared to that at Zero Aeration 
What is surprising is the large reduction in the 
shear stress for small quantities of air entrainment. 
Both alumina and the sodium carbonate showed >35% 
reduction at only 10% of the minimum fluidising velocity. 
The alumina and sodium carbonate materials showed 
extensive movement at the surface of the powder even at 
low aeration rates, a characteristic of Group A materials. 
Meanwhile, the phosphate rock was much more stable, a 
characteristic of Group B. 
The additional stability of the ground phosphate rock 
material is apparent in Table 5.3. Larger air flow rates 
are required before this material exhibits similar 
reductions in the shear stress to the other two powders. 
The measured shear stress for the ground phosphate rock 
material decreased linearly with an increase in the 
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aeration rate. This contrasted with the alumina and 
sodium carbonate materials where the effect of aeration 
decreased as the absolute value of the aeration increased. 
5.3.2.2 The Effect of the Shear Velocity 
Various researchers (Savage et al [60], Bailard &: 
Inman [5], Botterill &: Abdul-Halim [8] and Bagnold [4]) 
have shown that powder, fluidised powder and powder-liquid 
systems have shear-rate dependent regimes at very high 
velocities. None had investigated aerated powders, nor 
had they studied in detail the transition from normal 
powder rate-independent shearing to this rate-dependent 
regime. 
At varying degrees of aeration, the powders were 
sheared up to a shear plane velocity of 75 r.p.m. (0.54 
m/sI. Figures 5.6 - 5.8 show the results for the various 
powders. The transmitted shear stress for the alumina 
remained constant, independent of the shear plane 
velocity, until a critical value was attained (rw= 0.25 
m/sI. Above this value the shear stress is shown to 
increase with the shear plane velocity, indicating liquid-
like flow. The degree of aeration had little effect on 
this transition, although the absolute value of the stress 
altered as described earlier. 
The ground phosphate rock showed similar 
characteristics to the alumina, although the critical 
velocity proved to be a function of the aeration rate. 
Under non-aeration conditions a critical velocity was not 
found within the range considered. However, when the 
aeration rate was increased to 23% of the U
mf , a critical 
velocity occurred as low as 0.2 m/so 
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Sodium Carbonate 
The sodium carbonate material exhibited an increase 
in shear stress at much lower critical velocities. The 
shear stress was constant until a shear plane velocity of 
0.05 m/s was attained, then a rapid increase occurred. 
These three powders, in an aerated state, exhibit a 
transition between normal Coulomb solid flow to a liquid-
type flow regime. Each powder shows differences in 
detail. For alumina the critical velocity remained 
essentially constant on increasing aeration. However, for 
ground phosphate rock a substantial decrease in the 
critical velocity with increased aeration was observed. 
Increasing the aeration rate will thus increase the 
tendency of this powder to flow in a liquid-like manner. 
The sodium carbonate material was so free-flowing that the 
critical velocity was only 5 cm/s, even under non-aeration 
conditions. Such velocities could easily be attained 
during normal hopper operation. 
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5.3.3 Cohesive Powders 
Cohesive powders are naturally "sticky"; Particles 
tend to stick together forming channels for air to flow 
through. This results in uneven aeration of the bulk 
powder, causing: 
1. Difficulties in initially aerating the powder evenly. 
2. Rapid formation of stable shear planes and channels. 
An elaborate system for rapidly discharging the 
powder from a hopper into the shear cell was developed to 
ensure even aeration at the start of the experiment. 
However, a very stable shear plane and channelling quickly 
appeared on shearing, especially at higher aeration rates. 
This resulted in a high degree of preferential aeration in 
the shear plane and other localised areas. Preferential 
aeration in the shear plane reduced the measured shear 
stress to very small values, although still within the 
range of the equipment. The randomness of the channelling 
meant that the measurements became difficult to reproduce 
and therefore the results were unreliable. Figure 5.9 and 
5.10 show the powder's response to increased aeration and 
shear velocities for the phenol formaldehyde material. 
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5.3.4 Discussion 
This series of experiments showed that the shear cell 
provides interesting and useful information on the 
shearing of powders, although cohesive powders proved 
unreliable in testing. 
The initial investigation into how aerated powders 
behave during shear, showed that aeration significantly 
decreases the strength of free-flowing powders at low flow 
rates. The presence of quite low quantities of air within 
bulk powders will decrease the shear stress required for 
that powder to flow. A powder's response to aeration is 
dependent upon a powder's particle size distribution, 
static porosity and particle density. 
Powder properties can change from Coulomb solid type 
flow to liquid-type flow at critical shear plane 
velocities. This transition can be aeration dependent and 
can also occur at very low shear plane velocities. The 
critical values will depend upon the powder. 
5.4 Comparison Between Standard & Flooded Alumina 
Two samples of alumina were obtained from the same 
production site: 
1. The standard alumina product 
2. A sample of alumina known to have "flooded" 
The standard alumina was studied in the preceding 
sections. The flooded powder is a sample taken from the 
material deposited on the ground after flooding had 
occurred, during the discharge of a large storage hopper. 
The hopper, which was under one-third full, was being 
discharged from its base using a screw conveyer to 
transport and control the material. For no apparent 
reason the material suddenly flowed through the screw 
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conveyer like a liquid. A screw conveyor for a powder 
system does not have the close tolerances required to 
control a liquid media. 
Figure 5.11 shows the comparison of particle size 
distributions for the two samples. The flooded material 
contains significantly more fines. The difference is 
highlighted when percentage by weight per micron range is 
plotted against particle size. The flooded material can 
be considered to be a mixture of two powders, the standard 
material and fine powder of less than 50 ~. 
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The data on the basic properties of the two powders 
is summarised in Table 5.4. Although the two powders have 
a similar mean particle size (by ~ss), the mean size 
according to the surface to volume ratio is significantly 
less for the flooded material. As these surface to volume 
diameters are plotted on the normal Geldart diagram 
(Figure 5.12), the standard a1umina is a Group A material, 
whereas the flooded material is closer to the Group C, or 
cohesive, classification. However, on testing the flooded 
material,it is seen to be predominantly a Group B powder; 
the material aerates easily and evenly and there is rapid 
mixing of the powder before bubbling appears. Although 
this form of classification gives an indication as to how 
the powder may be expected to respond on fluidisation and 
an indication of its cohesiveness, it does not give the 
detail of information that the shear test provides. 
Powder Standard Flooded 
Properties A1umina Alumina 
Particle Size - d50 , I1IIl 80 78 
Particle Size - dsv ' I1IIl 61 30.5 
Particle Density, Kg/m3 3290 3290 
Bulk Density, Kg/m3 1163.1 1447.5 
Static Porosity 0.646 0.560 
Relative Collapse 
Time, sec. 4.61 8.22 
Minimum Fluidising 
Velocity, Umf , cm/s 
0.92 0.46 
Table 5.4: The Properties of the Standard & Flooded 
Alumina 
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Figure 5.12: Alumina: Geldart Oassification Diagram 
Standard & nooded Powders 
Figure 5.13 compares the powders' responses to the 
amount of aeration; the same air flow rate results in a 
much larger reduction in the transmitted stress for the 
flooded material. For example, at rw= 0.131 m/s and an 
air flow rate of 0.05 cm/sec. the transmitted stress for 
the flooded material has been reduced by 67%. compared to 
23% for the standard powder. This powder would therefore 
require the entrainment of a relatively small quantity of 
air for the mechanical strength of the bulk powder to be 
substantially reduced. 
This response is perhaps to be expected considering 
the flooded material has a U
mf of half that of the 
standard material. Figure 5.13 was useful in illustrating 
the significance of air entrainment with the same type of 
powder, but of differing size distributions. However, the 
effect of the additional small particles is more noticable 
when plotted as a function of the percentage of the 
minimum fluidisation velocity, Figure 5.14. This is 
highlighted in the summary in Table 5.5. A reduction of 
58% in the transmitted shear stress was observed for the 
flooded material, compared to 35% for the standard 
material, at only 10% of the U
mf . 
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O.lO 
" 
% Reduction in Transmitted Stress 
Air Standard Flooded 
Flowrate Alumina Alumina 
10% Umf 37% 58% 
20% Umf 51% 76% 
25% Umf 54% 80% 
Note: The (i,ota tional speed in the shear plane = O. 131 m/ s 
Table 5.5: Reduction in the Transmitted Stress 
Compared to that at Zero Aeration 
The change in particle size distribution also had a 
significant effect on the relationship between the 
transmitted stress and the shear velocity, see Figure 
5.15. Unlike the standard powder which exhibited a region 
of powder flow with a transition to pseudo-liquid flow, 
Section 5.3.2.2, the flooded material showed pseudo-liquid 
properties from much lower shear velocities • 
... 
... 
... 
.... 
~ ... 
" ~ e ... 
0;; 
, 
0 
~ '00 
V> 
>DO 
... 
o . 
0.0 
~ 0.46 s 
Air Flow-rote 
No Airllo_ 
0.027 cm/ .. c 
O.O~ unlSfIC 
X 0.101 czrV .. c ~ 
V O.U!I un/Sltc: 
0.' 0,1 0.1 O. 0.' 
rw. (m/ne) 
rogure 5.15: Alumina: The Effect of Rotational 5peed 
flooded Sample 
93 
0.' 
These results demonstrate how important the particle 
size distribution is when determining the properties of a 
powder. In the handling of a free-flowing powder, 
segregation is always likely to occur for materials of a 
significant size range. This means that free-flowing 
powders can seldom be considered to be homogeneous. It is 
therefore important to investigate how sensitive the 
powder properties are to changes in particle size 
distribution. Measurement' of the transmitted shear stress 
as a function of aeration and velocity in the shear plane 
shows that for some particle size distributions a little 
air entrainment can have a large effect on the powder 
properties. 
5.5 Conclusions 
1. Free-flowing powders could be tested successfully in 
the shear cell. The apparatus was proved to generate 
interesting and useful information on the shearing of 
powders. 
2. Cohesive powders proved unreliable in testing. 
3. Aeration significantly decreases the strength of free-
flowing powders at low air flow rates. 
4. A powders response to aeration is dependent on a 
powders particle size distribution, the static 
porosity and particle density. 
5. Powder properties can change to liquid-type flow at 
critical shear velocities. 
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6. The transition to liquid-like flow can be aeration 
dependent. 
7. Additional quantities of fine particles can 
significantly change a powders properties, resulting 
in a transition to liquid-like characteristics at much 
lower shear velocities. 
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6. THE EFFECT OF FINES ON THE FLOODING PHENOMENON 
6.1 Introduction 
Chapter 5 reviewed the use of the new shear cell by 
testing a variety of powders. The importance of small 
quantities of aeration and the transition to liquid type 
flow were demonstrated. It also investigated the 
difference between a standard alumina powder and a sample 
of the same material that was known to have flooded. The 
results show(::'l that a change in the particle size 
distribution for the flooded material significantly alters 
the relationship of the aeration rate and the shear plane 
velocity with the transmitted shear stress. The flooded 
material exhibited pseudo-liquid properties from extremely 
low shear rates «0.05 m/sec.), even when not aerated. 
In this chapter the flooding phenomena, as applicable 
to the alumina and ground phosphate rock powders, is 
reported in detail. Standard alumina is a Group A powder, 
according to the Geldart classification [26], whilst the 
ground phosphate rock is in Group B. Additions of small 
quantities of fine particles to these materials are shown 
to enhance the effect of the shear velocity, as 
demonstrated in chapter 5, thereby increasing the 
likelihood of flooding. 
For the standard alumina powder, addition of 
particles of size 40 ~ and below are shown to be the main 
factor in promoting flooding. An increase in fines 
content equivalent to 10% of additional fines show a 
similar response to the sample of Alumina known to have 
flooded, although smaller quantities can have a 
significant effect. Such low quantities of additional 
fines could occur in a powder due to segregation. This 
will result in pockets of material with a high chance of 
flooding existing under normal powder handling conditions. 
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As indicated in Chapter 5, the ground phosphate rock 
material used had been cut at >30~. This enabled 
another class of material to be examined, a powder that 
had a wide particle size distribution and a low static 
porosity. The influence of these differences resulted in 
the powder giving a slightly different response to 
aeration compared with the alumina material. In this 
chapter, particles of <30 ~ of the original material were 
re-mixed with the "standard" material until the resultant 
material became too cohesive to test. This enabled 
investigation into two area; 
1. The effect of fines on the flow properties of a 
relatively dense material (initial static 
porosity of 0.416) 
2. The effect of a high loading of fine particles 
(loading~ of up to 25% could be used in the test 
equipment) 
6.2 Alumina 
6.2.1 Introduction 
The standard and flooded samples of alumina powder 
have been investigated thoroughly by the testing of the 
effect of shear rate and degree of aeration on the 
transmitted shear stress (Section 5.4). Intriguing 
results were obtained whilst comparing the results for the 
two powders, showing a large difference between the shear 
characteristics of the powders in an aerated state. 
Further study required investigation into the 
significance of the fines content on these 
characteristics. To do this, model powders were required. 
The flooded alumina appeared to consist of the standard 
powder plus additional fine particles. It was therefore 
decided to use classified fractions of the standard 
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alumina powder to form base powders. The fine fractions 
were then added to the standard alumina to form model 
powders of the required size distribution. 
Figure 5.11 showed a comparison of the particle size 
distributions for the standard and flooded powders. It 
was observed that the shape of the relative size 
distributions were similar at 75 ~ and above, whilst 
large differences occurred below 50~. It was therefore 
decided to classify the standard powder at the 50 ~ and 
75 ~ sizes. The base powders were classified at 20 ~ to 
prevent excessive amounts of particles of sizes less than 
20 ~ being added to the model powders, causing a 
significant increase in cohesion. This provided four size 
fractions for use as the base powders (>75 ~, 50 - 75 ~, 
20 - 50 ~ and <20 ~). 
6.2.2 Powder Fractions 
The alumina was classified at 75, 50 and 20 microns. 
The 75 ~ cut was produced by sieving, whilst the 50 ~ 
and 20 ~ cuts were produced using an Alpine Zigzag 
Classifier. For the purposes of easier identification 
these powder fractions will be referred to as listed in 
Table 6.1. 
Powder Fraction Identifier 
>75 ~ A 
<75 ~ B 
20-50 ~ C 
Standard Powder S 
Flooded Powder Fl 
Table 6.1: Powder Identification - Alumina 
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Figure 6.1 shows the particle size distributions of 
all five powders and Figure 6.2b compares the three 
fractions (A, B & C) with the standard powder (5) on the 
Geldart Classification Diagram. Powders A & 5 are on the 
A - B borderline, the fine fractions B & C are Group A 
approaching the indistinct Group A - Group C division. 
Table 6.2 gives other properties of the powders. 
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Powder Property S Fl A B C 
Particle Size - d 50 , lUll 80 78 93 39 30.4 
Particle Size - dsv ' lUll 61 30.5 86 33 26 
Particle Density, Kg/m3 3290 3290 3290 3290 3290 
Bulk Density,kg/m3 1163 1448 1117 1504 1529 
Static Porosity 0.646 0.560 0.660 0.543 0.535 
Relative Collapse 
Time, sec. 4.61 8.22 3.87 7.31 10.46 
Minimum Fluidising 
Velocity, U
mf , cm/sec. 0.92 0.46 1.05 - -
Table 6.2: The Properties of the Alumina Fractions 
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The Effect of Aeration 
The powders containing the coarse fraction (i.e. A, S 
& Fl) exhibited a high transmitted shear stress when not 
aerated, compared to the fine fractions (B & C ), (Figure 
6.3). As already discussed, addition of fines to the 
standard powder significantly changes the powder's 
response to aeration. Comparison of powders A, Sand Fl 
show that the additional fines cause the transmitted shear 
stress to decrease more rapidly on increased aeration. 
That is to say, Powder A ( which has no fines) exhibits 
less of a response than the original material (S), whilst 
Powder Fl exhibits the largest decrease. 
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The Effect of Shear Velocity 
When Powder A (>75 ~) was not aerated, it did not 
exhibit a rate-dependent response within the velocity 
range covered (Figure 6.4). On increasing the aeration 
rate the powder's response remained essentially the same, 
although a slight increase in shear stress with increased 
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velocity was discernible. This response was unlike the 
standard material, which showed a transition to rate-
dependence at a shear velocity of 0.35 m/sec. (whilst not 
aerated) and this transition velocity decreased on an 
increase in aeration. 
Powder 8 «75 ~), however, did exhibit a rate-
dependent response (Figure 6.5), though this was more 
pronounced when the powder was not aerated. This could be 
explained by its cohesive nature, since the shear plane 
,was quite stable, allowing preferential aeration through 
the shear zone and a subsequent reduction in the measured 
shear stress. 
Powder C (20-50 ~m) contained few particles greater 
than 50 ~ and was therefore quite cohesive and difficult 
to test. The results obtained were less reliable due to 
channelling, however, the experiments that were acceptable 
showed a slight rate-dependence (Figure 6.6). 
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Discussion 
Comparison of all five alumina powders indicate that 
the strength of the powder in the non-aerated state is 
governed by the large particles. On aeration the addition 
of fine particles greatly reduces the transmitted stress. 
To fully investigate this, fines could be added to the 
standard powder in increasing quantities. 
6.2.3 Model Powders 
To investigate the sensitivity of fines addition to 
the standard alumina, various model powders were tested. 
Initially two powders were compared, involving the 
addition of 8% of fines. 
The first added Powder B «75 ~), which contained 
mainly particles in the region of 40-60~. The other 
added Powder C (20-50 ~) which contained mainly particles 
around 30~. Figure 6.7 compares their particle size 
distributions with the standard and flooded materials. 
After these initial tests, further experiments were 
conducted using model powders with varying amounts of 
Powder C added, as this was the size of particles that 
were found in unusual concentration in the flooded 
material. Additions of 4% and 12% of Powder C were 
investigated. Table 6.3 lists the model powders, their 
compositions and the powder's identification. 
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Composition of 
Model Powder 
92% S + 
96% S + 
92% S + 
88% S + 
Note: S 
B 
C 
8% B 
4% C 
8% C 
12%C 
Identifier 
0 
E 
F 
G 
Standard Powder 
<75 IlIIl cut 
20-50 I1m cut 
Table 6.3: Composition & Identification of Model Powders 
- Alumina 
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Figures 6.8 & 6.9 show the particle size 
distributions in relation to the standard and flooded 
materials. Table 6.4 provides other particle data. 
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Powder Property S Fl D E 
Part. Size - d 50 , j.lIIl 80 78 80 80 
Part. Size - d sv ' j.lIIl 61 30.5 60.1 57 
Part. Density, Kg/m3 3290 3290 3290 3290 
Bulk Density, Kg/m3 1163 1448 1203 1186 
Static Porosity 0.646 0.560 0.636 0.640 
Relative Collapse 
Time, secs. 4.61 8.22 4.86 5.19 
Minimum Fluidising 
Velocity, Umf,cm/sec. 0.92 0.46 0.82 0.83 
F 
79 
52.5 
3290 
1226 
0.627 
5.88 
0.69 
Table 6.4: The Properties of the Model Powders 
- Alumina 
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Comparison of the powders according to Ge1dart's 
classification is given in Figure 6.10c. 
Effect of Aeration 
Figure 6.11 compares the effect of aeration on 
powders 0 and F, where B% of different fine material was 
added. It shows that aeration had a much larger effect on 
powder F than it did on powder D. That is to say, for a . 
given degree of aeration, the reduction in the transmitted 
shear stress is much greater for powder F. For example, 
at an air f10wrate of 0.065 cm/sec. there is a reduction 
of 49% for powder F, compared to 33% for powder D. 
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As powder F had a larger effect and had additional 
fines in the size range consistent with the flooded 
powder, further investigation into the sensitivity to this 
size of particle (Powder Cl was undertaken. Additional 
powders containing 4% and 12% of Powder C were tested and 
the responses to the level of aeration are given in Figure 
6.12. The results are summarised in Table 6.5. It can be 
seen that with the addition of only 4% of Powder C, 
aeration had a larger effect on the shear stress than with 
the addition of 8% of Powder D. Powder G, with the 
addition of 12% of Powder e, had a similar response to the 
flooded material, although it contained a much higher 
concentration of fine particles. 
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% Reduction in the Transmitted Stress 
S Fl 0 E F G 
11% 56.5% 39.5% 43.7% 50.4% 52.8% 
26.5% 76.4% 58.2% 63.6% 70.7% 73.1% 
40%1 82%1 66.8% 75.4% 86.2% 81.5% 
0.92 0.46 0.82 0.83 0.69 0.61 
Note: 1. Extrapolated values 
2. Rotational Speed in the Shear Plane = 0.131 m/s 
Table 6.5: Reduction in the Transmitted Stress 
compared to that at Zero Aeration 
III 
The Effect of the Shear Velocity 
Figures 6.13 - 6.15 show the model powders' response 
to the shear plane velocity. For all the powders in the 
non-aerated state, the transmitted shear stress is not 
found to be rate-dependent, in the velocity range 
considered (up to 0.5 m/sec.). On aeration, however, a 
rate-dependence is observed. This dependence of the 
transmitted shear stress on the shear velocity is enhanced 
by an increase in fines content. 
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6.2.4 Discussion 
Seven main points arose from the investigation of the 
alumina powder: 
1. In the non-aerated state the overall strength of a 
powder is dependent on the presence of coarse 
particles (>75 ~). Addition of fines reduces this 
value of the transmitted stress. 
2. In the aerated state, the transmitted shear stress is 
a function of the aeration rate, with small quantities 
of air greatly reducing the transmitted stress. 
3. The rate of reduction of the shear stress with 
increased aeration is fines dependent. Addition of 
fines in the region of 40-60 ~ increases the effect 
described in point 2. However, addition of particles 
around 30 ~ in size is much more significant. 
4. The powders exhibit two flow regimes. At low shear 
velocities the shear stress is rate independent. At 
higher velocities the shear stress is a function of 
shear velocity. 
5. Addition of fine particles decreases the 'powder-
flow', rate-independent region, causing the powder to 
behave 'liquid-like' at lower shear velocities. 
6. Although the sample of alumina that had flooded 
contained a large quantity of fines, it has been shown 
that small quantities of fines in the region of 30 ~ 
has a large effect on the powder's flow properties 
when slightly aerated. Addition of only 12% of the 30 
~ fines to the standard powder created a powder with 
similar properties to the flooded material, although 
only 4% was required for a large change in response to 
take place. This observation underlines the 
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importance of fines control for this particular 
powder, as an increase in fines concentration of this 
magnitude could easily occur under normal segregation 
processes. 
7. It should be noted that most of the particles below 20 
~ were removed in order to minimise cohesion. 
Although the flooded material contained large 
quantities of particles below 20 ~, these were not 
required to obtain a similar response to the flooded 
powder. 
6.3 Ground Phosphate Rock 
6.3.1 Introduction 
The ground phosphate rock powder tested in Chapter 5 
was classified at 30~. The original material had a high 
fines content and was too cohesive to be reliably tested 
in the shear cell. After classification, the split 
between the <30 ~ and the >30 ~ cuts was approximately 
35% to 65%. In order to investigate the effect of these 
fine particles in a controlled manner, two model powders 
were generated based on 10% and 25% addition of the fines 
fraction. At compositions of greater than 25% of the 
fines component, the material regained it's cohesive 
nature and did not enable reproducible and reliable 
experiments. 
For purposes of easy identification the powder 
fractions and model powders will be referred to as listed 
in Table 6.6. 
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Composition of Identifier 
Model Powders 
> 30 ~ A 
< 30 ~ B 
90% A + 10% B C 
75% A + 25% B D 
Table 6.6: Powder Identification - Ground Phosphate Rock 
Figure 6.16 shows the particle size distributions for 
the four powders, and Figure 6.17 compares the powders on 
the Geldart Classification Diagram. The values for d
sv 
and other particle properties are given in Table 6.7. 
lOO 
.. 
ID 
i 
• ,. 
• }; 
• .~ •• 
~ 
-• .., .. 
c 
:> 
.. 
• •• 
•• 0 
:; 3. E 
J 
,. 
10 
D • 
••• 
Powder: 
'" 
A: , 50,.", 
V 8: ~ 30,un 
o C· 90'1; A + 10'1; B 
o 0: 1St: A + 25": a 
'" Particle Size, iJ-m '"' 
Figure 6.16: Ground Phosphate Rock: 
1000 
Particle Size Distributions - Comparison Between 
Powder F"rnctions L A & B) and Model Powders L C & D ] 
116 
10000~~~~~1!1!~~~~'~~~~~~~~'~'1:::::::::~ o Powder A ,. 
-+-+1'\ rou BJ I • Powder B 
-I--..t.11-+-+H1,1-l.1-i -1'1-0- -1--1, [IT IR+ J-4-r--H- ~4.· 0 Powder C 
I 11 11 --1 ' i I 'Im'll! ... Powder D 
+--+-1 +-++\-H1\II-Ht---r.:rH--\ +-1 I 1 1 nD1: I i i i 1111------' 
I, ' "11 GriO\I~ I ,I i i :! I ' i I 1000 1 ~I "" ,I I., 
, , " , "'" " , 
1 10 100 1000 
Mean Particle Size, d sv Il m 
Figure 6.17: Ground Phosphate Rock: Model Powders 
Geldart Classification Diagram 
Powder Fraction Model Powder 
Powder Property 
A B C D 
d 50 , j.llIl 140 8 125 90 
d 
sv' j.llIl 102 1.8 13 7.3 
Particle Density 2790 2790 2790 2790 
Bulk Density 1630.4 1821. 9 1688.0 1727.2 
Static porosity 0.416 0,347 0.395 0.381 
Relative Collapse 3.03 - 5.40 7.97 
Time, secs 
Min. Fluidising 1.70 1.20 0.72 -
Vel. , U
mf , cm/s 
Table 6.7: The Properties of the Model Powders 
- Ground Phosphate Rock 
The type of mean particle size, d
sv
' based on the 
surface to volume ratio, emphasises the proportion of fine 
particles in the powder. Although it provides meaningful 
information for most powders, it seems to overestimate the 
effect of fines for a powder with a wide overall particle 
size distribution, such as the ground phosphate rock. 
This method classed powders C and D as distinctly cohesive 
powders. However, in the shear cell the material flowed 
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easily, sheared uniformly and resembled a free-flowing 
powder. 
6.3.2 Experimental Observations 
The Effect of Aeration 
Chapter 5 (Figure 5.4), showed that an increase in 
aeration of the standard material resulted in a linear 
decrease in the measured shear stress. This was in 
contrast to the alumina and sodium carbonate materials, 
where the effect of increasing the aeration became 
progressively less, as the absolute value of the aeration 
increased. The model powders (C & D) showed a similar 
response, as shown in Figure 6.18. (This compares to 
Figures 6.3 & 6.11 for the alumina powder). 
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The effect of increasing the fines content was to 
reduce the value of the measured shear stress for the non-
aerated material. However, the fines did not alter 
significantly the powders response to aeration. This is 
illustrated in Table 6.8. 
% Reduction in the Transmitted Stress 
Air Flowrate A C 0 
10% Umf 15% 18% 23% 
20% Umf 37% 39% 42% 
30% Umf 54% 56% 60% 
U
mf , cm/sec 1.7 1.2 0.72 
Note: Rotational Speed in the Shear Plane - 0.131 m/s 
Table 6.8: Reduction in the Transmitted Stress 
Compared to that at Zero Aeration 
The percentage decrease in the measured shear stress 
for an aeration equivalent to a given percentage of the 
U
mf , is substantially unaffected by increases in fine 
particles. However, the absolute value of that measured 
shear stress was drastically reduced on the increase in 
fines content. 
The Effect of Shear Velocity 
to 
Figures 6.19 - 6.21 show 
the shear plane velocity. 
the model powder's response 
In Chapter 5, the ground 
phosphate rock showed a decrease in the critical velocity 
required for liquid-like flow with increased aeration. 
This effect was not significantly effected by additional 
fine particles, although the absolute value of the 
critical velocity was reduced slightly. 
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6.3.3 Discussion 
Por a powder with a wide particle size distribution 
and hence low static porosity, additional fines reduce the 
absolute value of the shear stress. However, the degree 
of aeration required to substantially reduce that shear 
stress remains effectively constant due to the opposing 
increase in the static porosity. This means that pockets 
of fines-rich material in the bulk powder will not be 
adversely affected by small quantities of aeration. 
The addition of fine particles in the size range 
considered, < 30 ~, will increase the chance of flow 
occurring, due to the reduced applied shear stress 
required for it to do so. However, the addition of the 
fine particles does not significantly effect this powder's 
tendency to show liquid flow characteristics. 
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6.4 Conclusions 
Two definite response patterns were identified: 
1. A material with a relatively narrow size range, such 
as the alumina, will have a reasonably high initial 
porosity. This will result in the powder being easily 
effected by relatively low degrees of aeration. The 
addition of fines below 40 ~ effectively forms a 
powder with a bimodal particle size distribution. 
This additional fine material enhances the effect of 
aeration and increases the chances of the powder 
behaving as a liquid. 
Due to the relatively small amounts of fine particles 
required for this increased response to be 
significant, fines control in the storage and handling 
of. this material is important. Otherwise, normal 
segregation during storage and processing of the 
powder will result in pockets of fines-rich powder 
prone to flooding under lower than normal aeration 
conditions. 
2. A material with a wide size range, such as the ground 
phosphate rock, will have a low initial porosity. 
Additional fine particles will reduce the overall 
shear stress required to cause shear. However, it 
does not significantly effect the powder's response to 
aeration, and it does not significantly reduce the 
shear velocity required for liquid like flow to occur. 
The response to aeration and shear velocity have not 
been significantly reduced by the addition of fine 
particles. Although segregation will occur in 
materials containing a wide particle size range, 
pockets of material with a relatively high fines 
content will not have an increased likelihood of 
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flooding, however, the chance of flow occurring has 
increased. 
These observations imply that on the small number of 
powders studied, materials of a narrow size range are more 
prone to flooding. 
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Chapter 7. Theorv 
7.1 Introduction 
This chapter develops a simple theory for the shear 
of powders in a Couette shear cell and explains some of 
the phenomena observed in the experiments reviewed in 
Chapters 5 & 6. 
Experimental results showed that powders transfer 
between normal powder flow (shear rate independence) to a 
liquid type of flow, where a shear rate dependence is 
observed. This effect has been studied at high shear 
rates by many researchers (see Section 7.4), however, no 
previous study has looked at the area of the transition to 
liquid-like flow. 
The shear tests have shown a rate independent regime 
followed by a pseudo-liquid regime. This liquid-like 
regime can be considered to be similar to a Bingham Fluid 
which experiences a Yield Stress (TO) before flow occurs 
like a newtonian fluid. 
Initially equations, based on momentum and mass 
conservation, are developed for the couette geometry. 
These generalised equations can then be applied to any 
liquid, provided the appropriate rheological properties 
are used. The rheological equation for a Bingham Fluid is 
applied and the following four equations are developed: 
1. Centrifugal Force Profile 
2. Shear Velocity Profile 
3. Shear Stress Profile 
4. Shear Stress measured at the inner rotor 
These equations are developed for cases when either 
the inner rotor or the outer cylinder are rotated, 
shearing the sample in the cell. 
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The centrifugal force profiles indicate that the 
system is stabilised when the outer cylinder is rotated, 
but rotating the inner rotor de-stabilises the process of 
shearing the sample. This explains the problems that had 
been encountered when the inner rotor had been rotated 
during the development of the shear cell, see Chapters 3.2 
and 4. 
The shear velocity profile 
the velocity required to ensure 
Bingham Fluid undergoes shear. 
enables the prediction of 
the whole sample of the 
At this point flow is 
laminar, however, increases in the shear velocity will 
eventually cause turbulent flow. 
These equations are then applied to a powder system 
where turbulent flow is required before the occurrence of 
liquid-like flow. Turbulence is required in order that 
momentum transfer between particles can occur throughout 
the cell, then the system is able to mimic the inter-
molecular collisions that are found in a liquid. 
7.2 Couette Geometry - Centrifugal Forces 
The centrifugal force profile through a fluid sample 
in a Couette shear cell can be calculated bYI 
r 
If we consider a Bingham Fluid, ve can be calculated 
from Equation 7.12 for a rotating outer cylinder system 
and Equation 7.19 when rotating the inner rotor (See 
Sections 7.4.2 and 7.4.3). 
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Figure 7.1 shows the centrifugal force profile for 
this system with the following physical and geometrical 
properties: 
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Figure 7.1: Centrifugal Force Distribution within the 
Shear Cell (at increasing rotational velocities) 
This theoretical analysis shows that, for a system 
with the outer cylinder rotating, the centrifugal force 
increases with an increase in the distance from the axis 
of rotation. However, for a rotating inner cylinder, the 
inverse is apparent. This can lead to the following two 
observations: 
1. Laminar flow in a system with a rotating outer 
cylinder, is strongly stabilised by the centrifugal 
forces. Inward motion of a fluid particle is opposed, 
due to the centrifugal force on it being greater than 
the force on particles nearer the axis of rotation. 
Similarly, outward motion is resisted by the higher 
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centrifugal force on the particles it would have to 
replace. 
2. Laminar flow is disrupted if the inner rotor is 
rotated, whilst maintaining the outer rotor 
stationary. The outward motion of a particle is not 
opposed, as the centrifugal force it is experiencing 
is greater than the force acting on the particles 
further from the axis of rotation. This results in 
the centrifugal forces de-stabilising the laminar flow 
regime causing turbulent flow to occur at lower 
Reynold's Numbers. 
These observations confirm the experiments made 
during the equipment development, when measurements made 
whilst rotating the inner rotor were erratic and not 
reproducible. 
The couette system can operate under stable 
conditions with both the inner and outer cylinder rotating 
in the same direction, provided the resultant centrifugal 
force profile ensures that the gradient increases outwards 
from the axis of rotation. 
The following sections develop the theory for 
shearing liquids (mainly Bingham Fluids) in the couette 
cell enabling the prediction of the shear velocity, 
centrifugal force and shear stress profiles across the 
cell. It is then further extended to the study of a 
powder system. 
7.3 Shear of Liquids - General 
Consider the tangential annular flow of a liquid in 
the couette-style viscometer, neglecting any end effects. 
The most applicable co-ordinate system to use is 
cylindrical co-ordinates (r, e, z) 
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By applying the conservation of mass laws to an 
element of liquid using cylindrical co-ordinates, figure 
7.2a, the equation of continuity can be written as: 
Continuity Equation 
SP 1 S 
+ - -«(> rv ) 
St r Sr r 
1 S 
+ - -(pv ) 
r sa e 
S 
+ -«(Iv) = 0 
Sz z 
(7.1 ) 
By applying the same approach to the conservation of 
momentum, the equations of motion are derived from the 
bulk fluid flow through the faces of the fluid element 
shown in Figure 7.2a and by molecular transfer due to the 
velocity gradients between elements, as indicated in 
Figure 7.2b. Resultant equations can be derived for the 
r, a and z components: 
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r-component of motion 
SV
r 
'Vr _ V"] + v = 
se 
z Sz r 
SP [1 S 
- - ~ - - (r't: ) 
Sr r Sr rr 
1 S're Tee S'rz ] +---- +- + Vgr (7.2 ) r se r Sz 
e-component of motion 
[ 'v, SVe ve SVe vrve 'v, ] p - + vr +- +-- + V - = 
St Sr r se r z Sz 
1 SP [16 , 1 S'ee S'ez ] + Pg, -- - -(r 're) +--+ (7.3 ) 
r se r2 Sr r se Sz 
z-component of motion 
[ 'v SVz ve SVz SVz ] -p ~+ vr +- + v St Sr r se z Sz 
SP [H 1 S'ze " .. ] u - -(r-r ) +- +- +pgz (7.4 ) 
Sz r Sr zr r se Sz 
If the limitations imposed by the use of Couette geometry 
are now considered: 
l. For a steady state system: 
SP SV
r SVe SVz 
= 0, = 0, = 0, c 
° St St St St 
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2. The velocity components are: v r = O~ 
3. Assume Density ( (:» is constant 
6vr 6vr 6vr 
v = 0 z 
4. As vr = 0, then -= 0, -= 0, -= 0 
6r 6e 6z 
6v
z 
6v
z 
6v
z 
similarly as v = 0, then -= 0, -= 0, = 0 
z 6r 6e 6z 
5. g = 0, 
r 
if centrifugal effects are ignored 
ge = 0, due to symmetry 
and gz = -g 
6. By pure symmetry there is NO dependence on se 
7. As vr = 0, Vz = 0 and ve = vCr) the only non vanishing 
component of " is "re 
Accounting for these limitations, the continuity equation 
(Equation 7.1) will reduce to: 
1 6 
- --(rv ) = 0 (7.5) 
r 6r r 
and the momentum equations will reduce to: 
r-component (Equation 7.2) 
=- (7.6) 
r 6r 
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e-component (Equation 7.3) 
16 2 0=-- -(r "re) 
r2 6r 
z-component (Equation 7.4) 
6P 
O=---g 
6z 
7.4 Shear of Liquids - Binqham Fluid 
7.4.1 Introduction 
(7.7) 
(7.8) 
Now consider the shear of a Bingham fluid in the 
shear cell. The rheology of a Bingham fluid states that 
no flow will occur until the yield stress, "0' is 
exceeded. (A similar phenomenon occurs when shearing a 
powder) • 
Consider Equation 7.7 which becomes "re = C1/r
2 
on 
integration. This implies that the shear stress is 
concentrated nearest the inner rotor. 
On increasing the shear stress from zero, initially 
there will be no fluid motion, followed by a narrow shear 
zone near the inner rotor as "0 is exceeded. This shear 
zone will then increase until the whole sample is under 
shear. 
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This means that there are three distinct regimes. If 
you let Rp refer to the radius at which ~re = ~o (yield 
stress) . 
Regime 1: Rp < Ri 
Regime 3: R >= R P 0 
No flow occurs 
Viscous flow occurs between Ri 
& Rp. 
Plug flow between Rp & Ro 
Viscous flow occurs throughout 
the shear cell 
The rheological equation of state for a Bingham fluid 
undergoing viscous flow is: (cylindrical co-ordinates) 
= ~o + Itor :.. [ve] 
Sr r 
(7.9) 
From the e component of the momentum balance (Equation 
7.7): 
Integrating gives: =- (7.10 ) 
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substituting into Equation (7.9): 
Cl S [:,] = 1:0 + Il r 
r2 0 Sr 
~-[' '} [c, _ < ] ~ = 2_~<O] ~ 
Br r r2 0 Ilor Il r3 Ilo r 
0 
=> 
r 
=> =---- (7.11) 
r 
7.4.2 Rotation of the Outer Cylinder 
Consider the system when the outer cylinder is rotated 
while the inner rotor remains stationary. 
Full Viscous Flow (Regime 3) 
The boundary conditions for shear flow under Regime 
3, where viscous flow occurs throughout the fluid sample, 
are: 
Ve 
a) at r = Ro' then = g 
r 
Ve 
b) at r = Ri' then = 0 
r 
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For case a): 
For case b): 
subtracting case b) from case a): 
Cl =-
=> 
=> 
Cl = 
"0 [ D + [ ~] In [ ~]] 
[.:, - .:,] 
C2 can be obtained by substituting Cl into case a) or case 
b) and then substituted into Equation 7.11 to give the 
velocity profile: 
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r 
=> 
= 
[0 + [~] In [~]] 
[1 -[~n 
substituting for Cl into Equation 7.10 gives: 
"re = 2 110 
[0 +[~}n ~]] 
[:; -:;] 
(7.12 ) 
(7.13) 
However, as the shear stress is being measured at the 
inner rotor, then a better representation of this equation 
relates the measured shear stress (at the inner rotor) to 
the rotational shear velocity (n). 
=> 
"1 = 
=> at r = Ri "re = "1 
2 R 2 110 0 
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(7.14) 
This may be rewritten as: 
I T1 = A TO + B I.l g 0 
Where: 
2R 2 
'n[ ::] 2R 2 (7.15 ) 0 0 A = • B = ,[R 2_ R. 2] [Ro 2_ Ri 2] 
o ~ 
Part Viscous Flow - Part Plug Flow (Regime 2) 
Viscous flow only occurs over a narrow region between 
the inner rotor and a radius Rp. Plug flow occurs in the 
rest of the sample. 
Consider the viscous shear region. (i.e. Ri < r < Rp) 
The Limit conditions are: a) At r = ; = g 
r 
b) = 0 At r = Ri ; 
r 
Limit condition a) is similar to the original case 
when Rp > Ro' except that Ro is replaced by Rp. 
Therefore, the equation for the shear stress at any radius 
within the viscous region, 
be: (similar to Equation 
T
re , can be easily derived to 
7.13. ) 
=> T re (7.16 ) 
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The equation for the shear stress at the inner rotor 
(r = Ri) becomes: 
I'r = A • + 0 B Ilo Q 
where: 
2R 2 
,o[ ~l R 2 p P A = • B = ,[Rp2_ R/] [R2_R.2] P 1. 
(7.17) 
Consider the limit at r = Rp' where 're= '0' substituting 
into Equation 7.16: 
i.e. 
as '0' Ilo and Ri are constants for a given system 
Transition to Full Viscous Flow 
Consider the transition from plug flow to full flow, 
this occurs at a critical velocity (OL) when Rp = Ro 
giving 0 = QL 
138 
[ [R 2_ R.2] - In [ :: ]][ ~] o 1. => QL = 2R.2 
1. 
i.e. 
CL = 
A G:] 
(7.18) 
1 [[::]'- .] [:j where: A = - - In 2 
Note: 1. A - is defined by the cell geometry 
2. [::] i •• functIon of the liquid propertle' 
7.4.3 Rotation of the Inner Rotor 
If Regime 3 is considered, where the whole of the 
sample is under shear, the action of rotating the inner 
cylinder and maintaining the outer cylinder stationary 
defines the limiting conditions as: 
at r = Ro' then -= 0 ~ 
r 
at r = Ri' then -= g 
r 
Following the same steps as Section 7.4.2., the velocity 
profile across the shear cell can be derived to be: 
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= 
r 
The shear stress profile can be derived to be: 
"re = 
2 R 2R 2 
1'0 i 0 
(7.19 ) 
(7.20) . 
The shear stress measured at the inner rotor becomes: 
"[I = (7.21) 
7.5 Shear of Powders 
Consider an ideal powder being sheared in the Couette 
shear cell. In this analysis, only the situation where 
the outer cylinder rotates and the inner rotor is 
stationary is considered, as powder is inherently unstable 
and further instabilities introduced by centrifugal forces 
are to be avoided. 
The difference compared to the liquid theory 
presented above is that discontinuities in the shear 
stress will occur due to powder particles being of a 
finite magnitude. However, if initially· the particle size 
is regarded as being insignificant compared to the size of 
the sample, the liquid theory can be extended to that of a 
simple, ideal powder. 
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The shear stress, at a given radius in the shear 
cell, is given by Equation 7.13: (Note: TO and ~o are 
assumed constant) 
1 
Tre = [ B g + C ] 
Therefore, for a set rotational velocity of the outer 
cylinder, g is constant and, 
A 
Tre = (7.22 ) 
i.e. for a given rotational velocity the shear profile is 
proportional to 1/(r2 ). 
Now consider the sample under shear to consist of n 
annular planes, as shown in Figure 7.3 (where n is very 
large), and the applied shear stress is increased. 
Outer Cylinder 
Inner Rotor 
Figure 7.3: Schematic of the Shear Cell 
(showing planes 1,2 & n) 
141 
At the situation when shear just begins, between the 
inner rotor and the inner particles of powder, the shear 
stress at this radius is equal to the yield stress, 
assuming this shear is identical to normal powder-powder 
shear. 
=> from Equation 7.22: 
Consider now the shear stress between planes 1 and 2: 
Therefore, 
(7.23 ) 
Equation 7.23 can be extended further, so that the 
shear stress measured between the jth and (j+1)th planes 
is given by: 
n
2 
"0 
R.2 
~ (7.24) 
"j = for j = 0,1,2 .•••.. n [j Ro + (n-j) RJ2 
Previous work by other researchers [4, 5, 8, 37, 58, 
60] has shown that at low shear rates, the measured shear 
stress remains constant. This can be explained in the 
couette shear cell if it is assumed that at low shear 
velocities there is no momentum transfer between 
cylindrical planes. This laminar flow is further 
supported by the discussion presented in Section 7.2 where 
it is postulated that the centrifugal forces, generated by 
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rotating the outer cylinder, enhance the laminar flow 
region. Therefore, provided no external radial force is 
applied to the sample, the shear plane formed will be 
stable for a greater range of shear velocities. 
This means that as the rotational velocity of the 
outer cylinder increases above the velocity required for 
the initial shear, the shear stress at the inner rotor 
will remain constant at the yield stress of the powder. 
The additional torque exerted by the outer cylinder on the 
powder will increase the shear stress throughout the rest 
of the powder, until the stress between planes 1 & 2 
exceeds '0' then movement between these two planes will 
occur. 
i.e. 
at r = RI = ~ [Ro + (n-l) Ri] 
. =. =. re 1 0 
where n = No. of planes 
(see Figure 7.1) 
Substituting into Equation 7.22 gives: 
A 
R 2 
1 
=> + (n-1) RJ 2 
Extending this to give the shear stress through the rest 
of the sample when movement occurs between planes 1 and 2, 
the expressions for the constant A and radius, r, are 
substituted into Equation 7.22, giving: 
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Similarly, when shear occurs between planes 2 and 3, the 
stress distribution across the cell will be: 
'l: j = '1:0 for j = 0&1 (7.26a) 
[2 Ro + (n-2) Ri]2'1:o 
'l: j = for j = 2,3,4 .... n (7.26b) 
[j Ro + (n-j) RJ2 
These sets of Equations (7.25, 7.26a & 7.26b) can be 
extended further as the shear region increases across the 
cell, still considering distinct planes: 
'l: j = '1:0 for j = O,l, ....• (k-l) 
[k Ro + (n-k) Rd 2'1:o 
'l: j = 
[j Ro + (n-j) Ri]2 
(7.27 ) for j = k,(k+1), ..•.. n 
where: k = 1, 2, 3, •••• n 
Figure 7.4 shows the shear stress distribution across 
the shear cell for this idealised powder, based on the 
Equation 7.27. The dimensions of the shear cell considered 
were Ri = 62.5 mm, Ro = 72.5 mm, n = 100 particle planes. 
Once the whole sample is under shear further torque 
imparted on the powder sample, by increased rotational 
velocities of the outer cylinder, will increase momentum 
transfer between particle planes. Eventually, this 
momentum transfer will be sufficient to transfer from the 
'pseudo-Iaminar' flow regime to turbulent flow. At this 
pOint, the powder would be experiencing a similar 
situation to the grain-inertia regime of powder flow, 
identified by Bagnold, Savage et al [4, 60). Under this 
type of flow, the powder was regarded as exhibiting 
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liquid-like characteristics with the measured shear stress 
increasing with the shear velocity. 
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Figure 7.4: Shear Stress Profile 
By using this simple model for powder flow in a 
couette system, the shear stress profile versus the 
rotational velocity can be calculated. This model shows 
that the measured shear stress, at the inner rotor, is 
constant until a critical velocity is reached, at which 
point a velocity dependence becomes apparent. 
As can be seen from Chapters 5 and 6 this type of 
profile was obtained with this experimental rig. The 
powders s~owed reasonably constant shear stress regimes 
followed by increases in shear stress, best described by a 
Bingham type fluid. 
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7.6 Comparison with Experimental Data 
7.6.1 Liquid-type Flow Regime 
The experimental data for the Alumina Powder in 
Chapter 5, indicated that the region where velocity 
dependence was observed, approximated to a linear 
relationship. Other researchers have shown a square 
relationship at high shear rates, however, they were 
operating at significantly higher shear rates than this 
transition region. 
If a linear relationship is assumed for the limited 
range of shear velocities covered, the liquid-like region 
approximates to a modified Bingham fluid, where once the 
yield stress is exceeded the liquid flows like a newtonian 
fluid. 
(7.28) 
where Cl = Rotational velocity before liquid-like 
characteristics are observed 
Cl would be expected to be larger than ~, identified 
from Equation 7.18, as CL indicates the velocity when the 
whole sample is under shear but the shear. flow is still 
laminar at this point. 
In order to study the liquid-like regime, the 
dimensions of the shear cell were modified, thereby the 
effect of the physical dimensions of the cell could be 
analysed. The dimension of the inner rotor was maintained 
the same, while the dimensions of the outer cylinder were 
altered so that the shear gap could be varied between 5 mm 
and 20 mm. 
Figure 7.5 shows the experimental data. It can be 
seen that as the width of the shear cell increases, a 
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higher shear velocity is required before liquid-like flow 
is observed. 
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Figure 7.5: The Effect of Sample Width 
ConSidering the full viscous flow regime, Equation 
7.15 can be written in terms of VI' 
where VI = Ri [g- gl]' as indicated in Equation 7.29. 
B Ilo 
't I = A 'to + VI 
Ri 
(7.29) 
Where: 
2R 2 
In [~] 2R 2 0 0 A = • B = ,[R 2_R.2] [R 2_R.2] 
o ~ o ~ 
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The effect of changing the shear gap on the parameters in 
Equation 7.29 can be summarised as shown below: 
Shear Inner Outer 
Gap Diam. Diam. Ri' m Ro' m A B 
mm mm mm 
5 125 135 0.0625 0.0675 1.079 14.019 
10 125 145 0.0625 0.0725 1.156 7.787 
The slope of the curve expressed by Equation 7.29 would 
then be given by: 
slope = 
Comparing the slopes for shear cells with the 5 mm and 10 
mm gaps, the theoretical ratio of the slopes of Equation 
7.29 is: 
Ratio = [Bsmm] = 14.019 = 1. 80 
B10mm 7.787 
Figure 7.5 shows the plot of "I versus vI for the 
standard alumina powder. The experimental .data was found 
to compare favourably with the theoretical ratio above. 
Two aeration rates were used in the comparison so that the 
'viscosity' and 'yield stress' were also varied, Figure 
7.5. The ratio of the slopes of the data showing liquid-
like properties are: 
Experimental Results: No aeration - Ratio = 1.78 
15% U
mf Ratio = 1.86 
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7.6.2 Transition to Liquid-type Flow 
Equation 7.28 shows the equation for a 'pseudo-
Bingham Fluid' where Q1 refers to the transition to 
liquid-like behaviour. This would be expected to be 
larger than the shear velocity for the whole sample to be 
under shear, QL' as calculated with Equation 7.18. This 
is due to the sample's shear flow still being laminar at 
QL and further energy input into the sample is required 
before turbulent, grain-inertia flow (liquid-type flow) is 
obtained. 
When analysing the results of the 5 mm shear gap with 
aeration equivalent to 15% U
mf 
14.019 110 
0.0625 
From Figure 7.5: 
and 
14.019 110 
0.0625 
= 
840 - 640 
0.46 - 0.245 
=> 
2 110 = 4.147 Nm/s 
1.079 .0 = 640 
v = 0.20 m/sec. r => 
= 593 N/m2 
However from Equation 7.18 the theoretical transition 
-1 for a liquid would be QL = 0.909 sec . Therefore, the 
shear velocity required for the transition pOint for the 
alumina powder is a factor of three greater than the 
theoretical prediction of the velocity required for a 
similar Bingham Plastic to be fully under shear. 
The clear definition of this transition point would 
depend upon the ability of the powder particles to 
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transfer momentum between the annular planes. For 
example, the sodium carbonate material, tested in Chapter 
5, showed liquid-like characteristics before the whole 
sample was under shear. 
Although the experimental data is limited it supports 
the basic theory. To obtain more conclusive results 
further work is required with a greater variety of 
powders, and at higher rotational velocities in order to 
obtain more accurate values for slopes of the curves. 
7.7 Comparison with Other Researchers 
7.7.1 Rapid Flow of Powders 
As identified in Chapter 2, the traditional view of 
powder flow is that when shear occurs, the measured shear 
stress is rate independent. However, many researchers 
have shown that at high shear rates, powders exhibit 
liquid-like properties. The main researchers in this area 
being: 
Bagnold [4]; Savage [58]; Savage et al [60]; Ishida & Shirai 
[35]; Cheng&Richmond [17]; Ridgeway&Rupp [56]; Campbell & 
Brennen [12, 13]; Savage & Jeffrey [59]; Savage & Sayed [61]; 
Jenkins & Cowins [39]; Hanes & Inman [30]; Buggisch & Stadler 
[10]; Botterill & Abdul·Halim [8], Bailard & Inman [5] 
Bagnold [4] initially discovered two regimes of 
powder flow with his experiments with Lead Stearate 
droplets in a Paraffin wax substrate. At low shear rates 
the particles were in close rubbing contact, the grain 
inertia effects were small and the shear stresses were of 
the quasi-static, rate independent, coulomb-type . 
. However, at moderately high shear rates the main 
contributions to the shear stress were found to be 
interparticulate friction and collisions. This is similar 
to the continuous action of molecular forces as used in 
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the statistical-mechanical theories of the liquid state, 
as fully described by Hansen &:McDonald [31]. 
Campbell &: Brennen [12] defined this grain inertia 
regime as when 'Particles undergo instantaneous collisions rather 
than long-term frictional sliding at particle collision points.' 
All the present theories pertaining to this regime 
are based on the hard sphere molecular models of liquids 
and gases, although allowing for the higher density. 
Velocity profiles, shear stress profiles and particle 
motion are derived from energy balances on particle 
collisions, often referred to as the 'Temperature' of the 
sample. 
These theoretical analyses only concern monosized or 
bimodal distributions of spherical particles in order to 
reduce their complexity to manageable proportions. The 
experimental results used to support these therefore tend 
to be narrow size ranges of near spherical particles. In 
general the particle sizes are large, in the region of 
200-3000 j.IlII. 
In general the theories predict the shear stress as 
being proportional to the (velocity)2 at the high shear 
rates, a fact supported by the experimental data 
presented. 
Hanes &: Inman [30] observed an interesting feature on 
increasing the shear rate, when the two common regimes 
were observed: 
1. Narrow shear region - Rigid powder-powder contact. 
2. All the material under shear - Collisional effect 
predominant => liquid-like flow. 
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However, they also observed a third intermediate 
regime, where particles tend to roll and slide and give 
close contact over a relatively long time period. They 
describe this effect as when the momentum transfer is 
starting to become significant. This relates to our 
transition period. 
There are three main areas where the work of these 
researchers differ from the work presented in this thesis: 
1. They use relatively large monosized/bimodal 
distributions of spherical particles, compared to our 
powders which have a wide particle size distribution. 
2. In general they do NOT consider the effect of the 
interstitial fluid (unless a liquid is used), whereas 
in this thesis the effect of aeration (air being the 
interstitial fluid) is regarded as having a major 
effect. 
3. They consider shear velocities significantly higher 
than the transition from normal coulomb flow, whereas 
in this thesis shear velocities of a similar order of 
magnitude to the transition velocity are used. 
7.7.2 Natural Phenomena 
High shear rates are observed in the geophysical 
environment in phenomena such as rock falls and loose snow 
avalanches. 
Avalanches occur in two forms; One is an airborne 
avalanche where snow particles are entrained in the air 
and takes the form of a turbidity current flowing down an 
incline. The height of the front can exceed lOOm and 
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advance at velocities of 100 m/sec. The second is a dense 
snow avalanche, which exhibits cohesion-less granular flow 
(Dovies [20], Hopfinger [33], Voight [66, 67] Ziegler [70]). 
Dense snow avalanches range in consistency from "wet" 
to "dry". A dense wet-snow avalanche causes the whole 
depth of the snow slope to flow, the advancing front 
ploughing through the snow cover. However, dense dry-snow 
avalanches show properties more consistent with cohesion-
less solids. 
Hopfinger [33] compares the limited data available on 
dense dry-snow avalanches with the work by Bagnold [4] and 
Savage [58]. Initially, these avalanches only flow at 
the surface of the snow slope, the bulk of the material 
being stationary. However, if the surface velocity 
increases, the depth of the snow that is in motion 
increases as momentum is transferred into the stationary 
snow cover. Momentum transfer also entrains air into the 
flowing mass. The turbulent mass may then exhibit liquid-
like flow characteristics. 
These observations indicate that the results for the 
rapid shear of granular materials are representative of 
large scale natural phenomena. 
This situation can also occur in the discharge of 
powders from core-flow hoppers, where powder flows down 
the inclined top surface of the hoppers contents. If the 
slope is sufficiently long and/or steep the powder could 
reach a sufficient velocity and entrain enough air to 
transfer to liquid-like flow, thereby increasing the 
tendency to flood. 
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7.8 Conclusions 
1. Centrifugal forces stabilise the couette system when 
the outer cylinder is rotated', however, the opposite 
occurs when the inner rotor is rotated. 
2. Powder samples undergo rate-independent shear until the 
whole sample is under flow. Additional rotational 
energy is then absorbed by increasing the energy of 
particle collisions, thereby increasing the importance 
of momentum transfer until turbulent flow occurs. At 
this point liquid-like characteristics are observed. 
3. This observation is supported by research into natural 
phenomena, such as rockslides and avalanches. 
4. The clear definition of this transition pOint is 
variable, depending on a powders ability to transfer 
momentum between annular planes. 
5. When the powder sample undergoes a transition to 
liquid-like flow, it fairly closely resembles a Bingham 
style fluid. 
6. In the couette shear cell a powder would not be 
expected to flow like a liquid until the whole sample 
is under shear. In fact, the rotational speed required 
for an alumina powder to transfer to liquid like flow, 
is a factor of three greater than the theoretical 
prediction of the rotational speed required for the 
complete shear of a Bingham fluid sample, of similar 
physical properties. This additional energy required 
is likely to be due to inefficiencies in energy 
transference between particles and the additional 
energy to transfer from 'pseudo-Iaminar' to turbulent 
flow. 
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7. Previous researchers have shown that at high rotational 
speeds (much higher than the speed required for 
transition investigated here), powders exhibit 
properties like a Power Law fluid, where the power is 
of the order of two. The results presented in this 
thesis do not contradict these results as it only looks 
at a narrow velocity range. If this was extended, a 
square relationship may be more applicable. 
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8 CONCLUSIONS 
8.1 Shear Cell Design 
A shear cell capable of shearing aerated powders has 
been developed, based on couette geometry. This equipment 
measures the shear stress transmitted through an annular 
powder sample. The sample is aerated independently of the 
measurement system. The design provides two independent 
drive mechanisms, with complex bearing and measurement 
systems which maximise the reliability of the measured 
stresses. 
The stability of the shear measurements are enhanced 
if the outer cylinder of the cell is rotated, however, 
stability is adversely affected by rotating the inner 
rotor alone. 
The apparatus is capable of characterising the flow 
properties of aerated, free-flowing powders up to aeration 
levels of 30 - 40% of the minimum fluidising velocity. 
Cohesive powders proved unreliable in testing. 
8.2 Powder Flow 
Aeration significantly decreases the strength of 
free-flowing powders even at low air flow rates. Although 
the exact response is dependent on a powder's particle 
size distribution, ~~ci static porosity and particle 
density. 
A material with a relatively narrow size range and a 
high initial porosity will be greatly affected by very low 
levels of aeration. 
A powder can exhibit flow properties similar to a 
liquid above a critical shear velocity. This transition 
can be at low velocities and be aeration dependent. At 
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shear velocities above this transition the powder's flow 
characteristics are similar to a Bingham Plastic. 
Fine particles can significantly effect a powder's 
flow properties, causing a reduction in this critical 
shear velocity. 
8.3 Flooding 
An increase in the fines content below 40 ~ proved 
to be the significant factor in a powder that was known to 
have flooded. 
In general, the response of a powder to additional 
fine particles could be divided into one of two groups: 
1. Addition of fine particles to a material with a 
relatively narrow size range, can effectively form a 
powder with a bimodal particle size distribution. 
This additional fine material enhances the effect of 
aeration and increases the chances of the powder 
behaving as a liquid. Only small quantities of fine 
particles are required for this increased response to 
become significant. 
Segregation during the normal storage and processing 
of the powder could result in pockets of fines-rich 
powder prone to flooding, under lower than normal 
aeration conditions. 
2. For a material with a wide size range, additional 
fine particles will reduce the overall shear stress 
required to cause shear. However, it does not 
significantly effect the powder's response to 
aeration, and it does not significantly reduce the 
shear velocity required for liquid-like flow to 
occur. 
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Although segregation will occur with this type of 
powder, pockets of material with a relatively high 
fines content will not have an increased tendency to 
flood, although the chance of flow occurring is 
increased. 
These observations imply that materials of a narrow size 
range are more prone to flooding. 
8.4 Conclusions 
This apparatus enables the user to test the shear 
characteristics of a powder whilst aerated. This facility 
is not provided by any other shear test equipment. 
The equipment can identify the aeration and shear 
velocity conditions required before a powder exhibits 
liquid flow characteristics. 
The equipment can identify a powder's tendency to 
flood, and the effect fine particles have on this flooding 
phenomenon. 
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CHAPTER NINE 
RECOMMENDATIONS 
9 • RECOMMENDATIONS 
The work presented in this thesis provides a further 
insight into the flow of aerated powders and the 
transition to liquid-like flow. Conclusions have been 
highlighted throughout the thesis and are summarised in 
Chapter 8. Further work is always necessary and a series 
of recommendations are presented below, categorised into 
three main groups; 
1. Further Research 
- The powders tested in this thesis are all "real" 
powders and were not specially selected powders of a 
monosized or a narrow size distribution. This is in 
contrast to most other researchers who have used 
this latter type of powder when subjecting a sample 
to a high degree of strain. In general, narrow size 
distributions minimise segregation that occurs during 
the shear of a powder sample. 
To complement the results in this thesis, a series of ,,, 
powders of narrow size range and a mean particle size 
of 200 - 1000 ~ should be evaluated with this new 
shear cell. 
- The significance of adding additional fine particles 
to a "real" powder has been investigated with two 
selected powders. The evaluation of a larger number 
of powders covering a wider variation in particle 
size distributions would enable the importance of 
fine particles to be more accurately defined. 
2. Improvements in the Shear Cell 
- The ability to control the force normal to the shear 
plane would enable the characterisations produced by 
this shear cell to be directly related to other shear 
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test equipment. To do this, the shear cell would 
need to be modified so that a radial force could be 
applied to the sample by the outer cylinder, while 
the top surface of the sample is confined. 
The most simple method to achieve this would be to 
have a flexible membrane on the inner surface of the 
outer cylinder, to which an hydraulic pressure could 
be applied. The top surface of the sample must be 
confined by a porous material so that the air flow is 
still permitted. However, the sample could only be 
sheared by rotating the inner rotor, unless an 
elaborate hydraulic system is devised. As the 
rotation of the inner rotor de-stabilises the shear 
measurements, further investigation will be necessary 
into the limitations of this method. This method is 
a variation on Bagnold's apparatus [4] for shearing 
suspensions. 
- Increase the maximum shear velocity available, so 
that the liquid-type flow regime could be more fully 
investigated. 
3 •. Powder Handling 
- The flow characteristics of powders with a narrow 
size distribution have been shown to be particularly 
vulnerable to the addition of fines particles. This 
means that fines control during processing is very 
important, in order to minimise the possibility of an 
uneven distribution of fines particles within the 
bulk powder. Actions which decrease fines control 
are therefore to be avoided if at all possible. 
An example of this is the recycle of fines collected 
in air filtration equipment. This material should 
not be recycled unless the material is processed 
further in order to increase the particle size. 
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· NOMENCLATURE 
Nomenclature 
Cl' C2 •..... 
f c ......•.•• 
ff .........• 
p ••••••••••• 
Vr , V Z1 ve .. 
U
mf ........ . 
S ••••••••••• 
~ .......... . 
Q ••••••••••• 
Sll ......... . 
SlL ••..•••••• 
n. .......... . 
e .......... . 
).1 ..........• 
Constants of Integration 
Unconfined Yield Stress, N/m2 
Flow Factor 
r, z & e Components of Gravity, m/s2 
(Cylindrical Co-ordinates) 
Pressure, N/m2 
Shear Velocity, m/s 
Inner Radius, m 
Outer Radius, m 
Radius of the Transition from Plug to 
Viscous Flow for a Bingham Plastic 
Shear Velocity at the Inner Rotor, m/s 
r, z & e Components of the Shear Velocity 
Minimum Fluidisation Velocity, cm/s 
Angle of Internal Friction of a Powder 
Strain Rate 
Angular Velocity, radians/sec 
Minimum Angular Velocity when liquid-like 
characteristics are observed 
Critical Angular Velocity, when R = Ro 
Kinematic Viscosity, m2/s p 
Angle in Cylindrical Co-ordinates 
Absolute Viscosity, Ns/m2 
).11 .......... Internal Friction Coefficient 
).1 a ......... . 
).1 s ......... . 
~ .......... . 
~ f .......••• 
~ p ••.•••..•• 
a .........•• 
cr 1 ......... . 
cr 2 •••••.•••• 
cr 3 •...•....• 
(Slip-Stick Friction Tester) 
Apparent Viscosity 
Slip-Stick Friction Coefficient 
(Slip-Stick Friction Tester) 
Density, Kg/m3 
Fluid Density, Kg/m3 
Particle Density, Kg/m3 
Normal Stress, N/m2 
Maximum Principal Stress, N/m2 
Minimum Principal Stress, N/m2 
Third Principal Stress, N/m2 
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0' C •••••••••• 
1:' ••••••••••• 
Maximum Principal Consolidating Stress 
x & y components of a Normal Force 
(Two Dimensional Cartesian Co-ordinates) 
Shear Stress, N/m2 
Yield Stress, N/m2 
Shear Stress at the Inner Rotor, N/m2 
x & y components of a Shear Stress 
(TwO Dimensional Cartesian Co-ordinates) 
"rr' "re' 
"ez' "zz 
"rz' "ee' 
dSY •••••••••• 
Components of the Shear Stress using Cylindrical 
Co-ordinates 
1 
Surface/VOlume Diameter = ----~~ L di 
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APPENDIX B 
MACHINE CODE PROGRAM FOR THE CIL AID CONVERTER 
B.l Introduction 
B.2 Assembly LanquaqeCodinq 
B.3 Z8D Machine Code 
B-1 
Page 
B-2 
B-2 
B-5 
Bel Introduction 
The machine code program for the CIL 6380 A/D Converter is 
downloaded by the host computer during the running of the program 
MASTER, see Appendix C. The code is written in standard Z80 
code. Initial programming was done on the BBC/TORCH computer, 
which also has a Z80 CPU in the dual Z80/6502 system. An 
assembler was used which was incorporated in the Z80 BBCBASIC 
language. Section B.2 lists and explains the assembly language 
coding, whilst section B.3 lists the machine coding. The program 
was written to manipulate integers and maintains all levels of 
significant figures. The alternative was to use real numbers 
which would have been more time consuming during data processing, 
as, well as losing accuracy. Any round off error therefore only 
occurs during data manipulation within the host computer and not 
within the CIL 6380. 
Data acquisition on the CIL 6380 stores 2 byte data with the 
high byte first, i.e. the high byte occupies the lower memory 
address. However, in this program all other data is stored, and 
manipulated, with the LOW byte first in agreement with normal Z80 
operation. 
Be2 AaaemblT Language Coding 
Address 
6144 
6147 
6150 
6153 
6156 
6159 
6162 
6165 
6168 
Initialisation of data storage 
Assembly 
Statement 
LD HL,O zero HL Register 
LD (6283),HL ; 
LD (6285) ,HL 
LD (6287) ,HL ; zero memory 
LD (6289) ,HL 
LD (6291l,HL ; 
LD HL,6293 store address of 
LD (6281) ,HL item of data 
LD IX, ( 6281l ; loads address of 
item of data into 
register 
B-2 
first 
first 
IX 
Address 
6172 
6175 
6178 
6179 
6182 
6183 
6186 
6189 
6192 
6194 
Summation of data (SUM) 
Assembly 
Statement 
.LBO LD H,(IX) 
LD L,(IX+l) 
EX DE,HL 
LD HL, (6283) 
ADD HL,DE 
LD (6283) ,HL 
LD HL, (6285) 
LD BC,O 
ADC HL,BC 
LD (6285), HL 
loads high byte into H reg. 
loads low byte into L reg. 
, transfers from HL to DE 
; loads lowest 2 bytes of SUM 
into register HL 
; Adds registers DE and HL, 
Carry set if overflow occurs 
Stores the revised value of 
the low byte of SUM 
; loads highest 2 bytes of SUM 
into register HL 
zero's Register BC 
adds Carry from low byte 
addition, to high byte of SUM 
Stores the revised value of 
the high byte of SUM 
16 bit multiplication 
16 bit multiplication may give up to a 32 bit result. 
Address 
6197 
6199 
6200 
6201 
6204 
6205 
6206 
6208 
6209 
6212 
6213 
6216 
6217 
Multiplicand - Stored in Register BC 
Multiplier - Stored in Register DE 
Result - Lowest 2 bytes stored in Register HL. 
• LBl 
• LB2 
Assembly 
each iteration removes 1 bit from the 
multiplier, thereby, progressively 
extending the register space available 
for storage of the result, by 1 bit. 
Finally, 32 bits of storage are available 
Statement 
LD A,16 
LD B,D 
LD C,E 
LD HL,O 
ADD HL,HL 
EX DE,HL 
ADC HL,HL 
EX DE,HL 
JP NC LB2 
ADD HL,BC 
JP NC LB2 
INC DE 
DEC A 
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; 
, 
; 
; 
; 
sets the accumulator as a bit 
counter 
copies register DE 
into BC 
zero's Register HL 
zero's the Carry Flag 
addition of a binary no. to 
itself results in a shift of 
the no. 1 bit to the left 
if "shifted" bit is zero, jump 
add multiplicand to result 
if register HL overflows, ie 
carry flag is set, add 1 bit 
to register DE 
decrease accumulator by 1 
Address 
6218 
6221 
6222 
6225 .LB3 
Assembly 
Statement 
JP Z LB3 
ADD HL,HL 
JP LBl 
. . . . . . . . . . 
if flag is zero multipl. ended 
Shifts result register HL 1 bit 
to left 
return for next bit 
Note: Lowest two bytes of the square of the data are stored 
in Register HL, the highest two bytes in register DE. 
Summation of Squares (SUMSQ) 
Addition of 1000, 32 bit, numbers may require up to 48 bits 
(6 bytes) storage. 
Address 
6225 
6229 
6230 
6233 
6236 
6238 
6241 
6244 
6248 
6250 
Address 
6253 
6257 
6258 
6261 
6262 
Assembly 
Statement 
.LB3 LD BC,(6287) 
ADD HL,BC 
LD (6287) ,HL 
LD HL,(6289) 
ADC HL,DE 
LD (6289),HL 
LD HL,O 
LD BC, (6241) 
ADC HL,BC 
LD (629l),HL 
load lowest 2 bytes of SUMSQ 
(SQL) into register BC 
add to the lowest 2 bytes of 
the squared data 
, store revised value of SQL 
load middle 2 bytes of SUMSQ 
(SQM) into register HL 
add high bytes of squared 
data, plus Carry, to SQM 
store revised value of SQM 
, zero register HL 
; load highest 2 bytes of SUMSQ 
(SQH) into register BC 
add Carry to SQH 
store revised value of SQH 
Counting of data points 
Assembly 
Statement 
LD DE,(6279) 
DEC E 
JP NZ LB4 
DEC D 
JP M LB5 
5-4 
; loads data no. (2 bytes) from 
memory into register DE 
, decrement lower byte, 
register E, by 1 bit 
; if zero Flag is non-zero 
operation is finished 
decrement high byte by 1 bit 
if sign Flag is ON (minus), 
last item of data has been 
processed, Exit Subroutine 
Assembly 5-9 
Address Statement 
6265 
6267 
LD E,255 ; reset low byte to 255 as high 
byte has been decremented 
.LB4 LD (6279),DE save new data number 
627B .LB5 RET ; Exit Subroutine 
Incrementing address for data retrieval 
Assembly 
Address Statement 
6271 INC IX , increase address of data to 
6273 INC IX be processed by 2 bytes 
(IX register) 
6275 JP LBO , process next item of data 
627B .LB5 RET ; Exit subroutine 
B.) Z80 Machine Code 
Assembly Program, Machine Code and Storage Addresses 
Address (Dec) Assembly Ope code Ope code 
low/high Statement ( Hex) (De c) 
6144 0 24 LD HL,O 21 00 00 33 0 0 
6147 3 24 LD (62B 3) ,HL 22 BB IB 34 139 24 
6150 6 24 LD (62B5) ,HL 22 BD IB 34 141 24 
6153 9 24 LD (62B7) ,HL 22 BF IB 34 143 24 
6156 12 24 LD (62B9) ,HL 22 91 IB 34 145 24 
6159 15 24 LD ( 62911,HL 22 93 IB 34 147 24 
6162 IB 24 LD HL, 629 3 21 95 IB 33 149 24 
6165 21 24 LD (62Bl) ,HL 22 B9 IB 34 137 24 
616B 24 24 LD IX,(62Bll DD 2A B9 IB 221 42 137 24 
6172 2B 24 • LBO LD H, ( IX) DD 66 00 221 102 0 
6175 31 24 LD L, ( IX + 1 ) DD 6E 01 221 llO 1 
617B 34 24 EX DE,HL EB 235 
(>179 35 24 LD HL,(62B3) 2A BB IB 42 139 24 
61B2 3B 24 ADD HL,DE 19 25 
6183 39 24 LD (6283) ,HL 22 8B 1B 34 139 24 
61B6 42 24 LDHL,(62B5) 2A BD IB 42 141 24 
61B9 45 24 LD BC,O 01 00 00 1 0 0 
6192 4B 24 ADC HL,BC ED 4A 237 74 
6194 50 24 LD (62B5) ,HL 22 BD IB 34 141 24 
6197 53 24 LD A,16 3E 10 62 16 
6199 55 24 LD B ,D 42 66 
6200 56 24 LD C,E 4B 75 
6201 57 24 LD HL,O 21 00 00 33 0 0 
6204 60 24 ADD HL,HL 29 41 
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Address (Dec) Assembly Op. code Op. code 
low/high Statement ( Hex) (De c) 
6205 61 24 .LBl EX DE,HL EB 235 
6206 62 24 ADC HL,HL ED 6A 237 106 
6208 64 24 EX DE,HL EB 235 
6209 65 24 JP NC LB2 D2 49 18 210 73 24 
6212 68 24 ADD HL, BC 09 9 
6213 69 24 JP NC LB2 D2 49 18 210 73 24 
6216 72 24 INC DE 13 19 
6217 73 24 • LB2 DEC A 3D 61 
6218 74 24 JP Z LB3 CA 51 18 202 81 24 
6221 77 24 ADD HL,HL 29 41 
6222 78 24 JP LBl C3 3D 18 195 61 24 
6225 81 24 .LB3 LD BC,(6287) ED 4B 8F 18 237 75 143 24 
6229 85 24 ADD HL,BC 09 9 
6230 86 24 LD (6287), HL 22 8F 18 34 143 24 
6233 89 24 LD HL,(6289) 2A 91 18 42 145 24 
6236 92 24 ADC HL,DE ED 5A 237 90 
6238 94 24 LD (6289) ,HL 22 91 18 34 145 24 
6241 97 24 LD HL,O 21 00 00 33 0 0 
6244 100 24 LD BC, (6241) ED 4B 93 18 237 75 147 24 
6248 104 24 ADC HL,BC ED 4A 237 74 
6250 106 24 LD (6291) ,HL 22 93 18 34 147 24 
6253 109 24 LD DE, (6279) ED 5B 87 18 237 91 135 24 
6257 113 24 DEC E ID 29 
6258 114 24 JP NZ LB4 C2 7B 18 194 123 24 
6261 117 24 DEC D 15 21 
6262 118 24 JP M LB5 FA 86 24 250 134 24 
6265 121 24 LD E,255 2E FF 46 255 
6267 123 24 • LB4 LD (6279) ,DE ED 53 87 18 237 83 135 24 
6271 127 24 INC IX DD 23 221 35 
6273 129 24 INC IX DD 23 221 35 
6275 131 24 JP LBO C3 lC 18 195 28 24 
6278 134 24 .LB5 RET C9 201 
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C.l. MASTER Program 
Summary: Acts as the link program between the various supporting 
programs: 
1. CALIB - Controls Calibration of the Measurement System 
2. SHEAR - Controls the equipment during experimentation 
3. RETREVAL - Retrieves data from file 
It also provides the facility to set up and edit the title 
menus. These are stored in file TITLES.DAT 
C.l.l Main Program: 
10 DIM MONTH$(12),DY$(4),INDEX%(20),TEXT$(20),TPNTR(20) 
20 ON ERROR PROC ERROR 
30 PROC SETUP:VDU 6:CLS 
40 PRINTTAB(22,5)"Physical Properties of Aerated Powders" 
50 IF R%=1693477307 DATE$=STR$((D%)+DY$IG%)+" "+MONTH$(E%)+" 19 
n+STR$1 IF%):TB=40-INTILENIDATE$)/2):PRINTTABITB,0) DATE$:VDU 
28,0,31,79,6:GOTO 80 
60 PROC PROGRAM CIL 
70 VDU 28,0,31,79,6:PROC_SET_DATE:CLS:VDU 26:TB=40-INTILEN(DATE 
$)/2) :PRINTTAB(TB,O) DATE$:VDU 28,0,31,79,6:PROC SET TIME 
80 VDU 23;8202;0;0;0; :CLS:VDU 26:PRINTTABI30,10)"<C> Calibrati 
on Test"TAB(30,12)"<S> Shear Test"TABI30,14)"<R> Retreive 
a fi1e"TABI30,16)"<M> Edit Title Menus"TAB(30,18)"<Q> Quit 
"TABI33,20)"Enter Choice: It; 
90 A$="":REPEAT:PROC TIME(O):A$=INKEY$IO) :UNTIL INSTRI"CSRMQ",A 
$»O:PRINTA$;:IF I$<>"M"PRINTTAB(63,0)" " 
95 KEY=INSTRI"CSRMQ",A$):ON KEY GOTO 100,110,120,125,130 
100 CHAIN"CALIB" :REM ~ 
110 CHAIN"SHEAR" :REM , Links to required program 
120 CHAIN"RETREVAL" :REM , 
125 PROC TITLES:GOTO 40 :REM Edits Title Menus 
130 VDU 26:MODE O:*MCP :REM Reverts back to Operating 
140 STOP :REM System 
150 
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C.l.2 Subroutines 
PROC PROGRAM CIL - Downloads Machine Code program to the CIL AID 
converter - for details see Appendix B 
200 DEF PROC PROGRAM CIL 
210 *FX 3,7 :REM Diverts Output to RS423 Port 
220 PRINT"PA6144";CHRS(13); 
230 PRINT"PD15,33,0,0,34,139,24,34,141,24,34,143,24,34,145,24";C 
HR$(13); 
240 PRINT"PD16,34,147,24,33,149,24,34,137,24,221,42,137,24,221,1 
02,0";CHR$(13); 
250 PRINT"PD7,221,110,1,235,42,139,24";CHRS(13); 
260 PRINT"PD12,25,34,139,24,42,141,24,1,0,0,237,74";CHR$(13); 
270 PRINT"PDIO,34,141,24,62,16,66,75,33,0,0";CHR$(13); 
280 PRINT"PD8,41,235,237,106,235,210,73,24";CHR$(13); 
290 PRINT"PD9,9,210,73,24,19,61,202,81,24";CHR$(13); 
.300 PRINT"PD12,41,195,61,24,237,75,143,24,9,34,143,24";CHR$(13); 
310 PRINT"PD15,42,145,24,237,90,34,145,24,33,0,0,237,75,147,24"; 
CHRS(13); 
320 PRINT"PD17,237,74,34,147,24,237,91,135,24,29,194,123,24,21,2 
50,134,24";CHR$(13); 
330 PRINT"PD14,46,255,237,83,135,24,221,35,221,35,195,28,24,201" 
;CHR$(13); 
340 *FX 3,0 :REM Reverts Output to Screen 
350 ENDPROC 
360 
PROC SETUP Sets communication baud rates with the RS423 Port 
and clears the relevent buffers. The RS423 Port is used 
for communication with the CIL AID Converter. Also it 
initialises the important variables 
370 DEF PROC SETUP 
380 *FX 5,1 
390 *FX 7,4 
400 *FX 21,1 
410 *FX 8,4 
420 *FX 21,2 
430 FOR I=l TO 12:READ 
EXT 
:REM Selects Parallel Printer Port 
:REM Sets Receive speed = 1200 baud 
:REM Flushes RS423 Input Buffer 
:REM Sets Transmit speed = 1200 baud 
:REM Flushes RS423 Output Buffer 
MONTH$(I):.NEXT:FOR 1=1 TO 4:READ DYS(I):N 
440 DATA January,February,March,April,May,June,July,August,Septe 
mber,October,November,December,st,nd,rd,"th" 
450 L%=O:T%=O 
460 ENDPROC 
470 : 
C-4 
PROC SET DATE - Routine for setting the date. This is input in 
- -numerical form (yy:mm:dd). The routine controls the 
keyboard so that incorrect characters and dates cannot 
be input. The date is stored in the Resident Integers: 
F% = Year; E% = Month; D% = Day. 
DATE$ = The string version of the date 
480 DEF PROC SET DATE 
490 LOCAL Nl~N,C~I 
500 PRINTTAB(5,5)"Enter the Date (yy:mm:dd): "; 
510 F%=FN DUAL FIG(99):PRINT":";:E%=FN DUAL FIG(12):PRINT":";:IF 
F% MOD 4=0 Nl=29 ELSE Nl=28 --
520 IF E%>7 AND E% MOD 2=0 N=31 ELSE IF E%>7 N=30 ELSE IF E% MOD 
2=1 N=31 ELSE IF E%=2 N=Nl ELSE N=30 
530 D%=FN DUAL FIG(N):C=VAL(RIGHT$(STR$( (D%),l) ):IF IHT(D%/lO)=l 
DATE$="th"ELSE IF C>3 DATE$="th"ELSE IF C=O DATE$="th"ELSE 
IF C=l DATE$="st"ELSE IF C=2 DATE$="nd"ELSE DATE$="rd" 
540 IF DATE$="th" G%=4 ELSE IF DATE$="st" G%=l ELSE IF DATE$="nd 
" G%=2 ELSE G%=3 
550 DATE$=STR$( (D%)+DATE$+" "+MOHTH$(E%)+" 19"+STR$( (F%) 
560 ENDPROC 
570 
FN_DUAL_FIG(N) - Routine for inputting a double figured number 
with an upper bound of N. Only acknowledges acceptable 
numbers. i.e. The upper limit for the months in a year 
is 12. The first number can only be a 0 or 1, whilst 
the second number can be 1-9 if the first is 0, but only 
0-2 if the first is 1 
580 DEF FN DUAL FIG(N) 
590 LOCAL A,B,C~D,A$,B$ 
600 C=O:A$=STR$((N):IF H<lO A$="O"+A$:C=l 
610 A=VAL(LEFT$(A$,l)):B=VAL(RIGHT$(A$,l)) :REPEAT:A$=GET$:D=ASC( 
A$)-48:UNTIL D>=O AND D<=A:PRINTA$;:IF D<A B=9 
620 REPEAT:B$=GET$:D=ASC(B$)-48:UNTIL D>=C AND D<=B:PRINTB$; 
630 =VAL(A$+B$) 
640 
PROC SET TIME - Sets the Time of day. Invalid times cannot be 
input. Resident integers used are: 
S% = Number of seconds since the start of the day 
U% = Internal Clock value when setting the real clock 
R% = Indicates whether Date & Time have been set 
650 DEF PROC SET TIME 
660 LOCAL A,B,A$-;-B$,HR,MIN,SEC 
670 PRINTTAB(lO,lO)"Enter the Time to Start the Clock (hh:mm:ss 
): ";:REPEAT:A$=GET$:A=ASC(A$)-48:UNTIL A>=O AND A<3:PRINT 
A$; 
680 REPEAT:A$=GET$:B=ASC(A$)-48:UNTIL B>=O AND B<lO :IF A=2 AHD 
B>3 GOTO 680 ELSE PRINTA$;":";:HR=A*lO+B 
690 REPEAT:A$=GET$:A=ASC(A$)-48:UHTIL A>=O AND A<6 PRINTA$; 
700 REPEAT:A$=GET$:B=ASC(A$)-48:UNTIL B>=O AND B<lO PRINTA$;":"; 
:MIN=A*lO+B 
c-s 
710 REPEAT:A$=GET$:A=ASC(A$)-48:UNTIL A>=O AND A<6 PRINTA$; 
720 REPEAT:A$=GET$:B=ASC(A$)-48:UNTIL B>=O AND B<lO PRINTA$;:SEC 
=A*10+B:S%=HR*3600+MIN*60+SEC 
730 PRINTTAB(10,15)"Press:"TAB(15,17)"<Space> to Start the Cl 
ock"TAB(15,18)"Key R to Reset the Clock"TAB(15,19)"<esc 
> to Abort" 
740 ON ERROR OFF:PRINTTAB(15,21)"? ";:A$=GET$:IF A$="R" CLS:GOTO 
670 ELSE IF A$<>" "GOTO 740 
750 PRINTTAB(15,21)" ";:ON ERROR PROC ERROR 
760 U%=TIME:T%=0:R%=1693477307 
770 ENDPROC 
780 
PROC ERROR - Any error occurring in the program MASTER reverts 
the user to the Operating System 
790 DEF PROC ERROR 
800 *MCP 
810 ENDPROC 
820 
:REM Revert to Operating System 
PROC TITLES - This routine enables the title menus, used in 
program SHEAR, to be added to or edited. Each entry has 
the option of a secondary menu. The menu structure is 
given in section C.3.!. The filing of the menus follows 
the same structure as that used for storing the shear 
data in day files. The first 5 bytes indicates the 
number of primary titles, the second the location of the 
menu index. The menu index directs to the start 
location of each entry in the primary menu. Each entry 
in the primary menu consists of the Title and the 
pointer to the start of the secondary menu storage area, 
if this is zero then no secondary menu exists for this 
selection. 
830 DEF PROC TITLES 
840 LOCAL A,A$,N,ALPH$,AL$,PS,FLAGl,FLAG2 
850 ALPH$="ABCDEFGHIJKLMNOPQRST":FILE=OPENIN("TITLES.DAT"):IF FI 
LE=O TITLE$="":GOTO 1320 
860 FLAGl=0:FLAG2=0:VDU 28,0,3l,79,4:CLS:VDU 26:PROC TIME(O) :PTR 
HFILE=O:INPUTHFILE,N,IPNTR:IF N<15 TW=11:TY=8 ELSE TW=8:TY=5 
870 AL$=LEFT$(ALPH$,N) :PTRHFILE=IPNTR:FOR 1=1 TO N:PROC TIME(O): 
INPUTHFILE,INDEX%(I):NEXT:FOR 1=1 TO N:PTR#FILE=INDEX%(I) :IN 
PUTHFILE,TEXT$(I),TPNTR(I) :PROC_TIME(O) :NEXT:PRINTTAB(30,TY) 
"TITLE MENU"TAB(62,TY)"Secondary"TAB(64,TY+l)"Menu"; 
880 VDU 28,0,26,79,TW:FOR 1=1 TO N:YT=I-l:IF YT>14 YT=14 
890 PRINTTAB(15,YT)CHR$(I+64);". ";TEXT$(I):IF TPNTR(I»O FLAG 
1=1:PRINTTAB(65,YT)"yes" ELSE FLAG2=1:PRINTTAB(65,YT)"no" 
900 NEXT:YT=YT+TW 
910 VDU 26:PRINTTAB(8,29)"<R> Return to Main Menu"TAB(8,30)"<A> 
Add to Title Menu"TAB(48,29)"<D> Delete Menu Entry";:AL$= 
LEFT$(ALPH$,N):AL1$="RAD" 
920 IF FLAGl=l ALl$="RADE":PRINTTAB(48,30)"<E> Add Secondary Me 
nun; 
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930 IF FLAG2=1 AL1$=AL1$+"LY":PRINTTABI8,31)"<L> List Secondary 
Menu"TABI48,31)"<Y> Delete Secondary Menu"; 
940 *FX 202,32 
950 *FX ll8 
960 REPEAT:A$=INKEY$IO) :PROC TIMEIO) :UNTIL INSTRIAL1$,A$)<>0 
970 IF A$="R" GOTO 1310 -
980 IF A$="A" GOTO 1070 
990 IF A$="D" GOTO 1120 
1000 IF A$="E" GOTO 1200 
1010 IF A$="Y" GOTO 1270 
1020 REM **************** List Secondary Menu ***************** 
1030 VDU 28,0,31,79,YT+1:CLS:VDU 26:PRINTTABI10,YT+2)"Enter Choic 
e: "; :REPEAT:A=INKEYIO) :A$=CHR$IA) :PROC TIMEIO) :UNTIL A=13 0 
R INSTRIAL$,A$)<>O:IF A=13 VDU 28,0,31,79,YT+1:CLS:GOTO 910 
1040 A=INSTRIAL$,A$):TITLE$=TEXT$IA) 
1050 CLS:PRINTTABI40-LENIDATE$)/2,3) DATE$ TABI40-LENITITLE$)/2,5 
) TABI30,8)"Secondary Menu";:PTR#FILE=TPNTRIA) :INPUT#FILE,N: 
FOR 1=1 TO N:PROC TIMEIO):INPUT#FILE,TEXT$II):PRINTTABI25,10 
+ I ) CH R$ I 1+ 64) ; ". - "; T EX T $ I I) : NEXT 
1060 PRINTTABI23,VPOS+1)"Press Any Key to Return to Main Menu":RE 
PEAT:A=INKEYIO):PROC TIMEIO) :UNTIL A>O:GOTO 860 
1070 REM ****************7* Add an Entry ********************* 
1080 N=N+1:INDEX%IN)=IPNTR:PTR#FILE=IPNTR:VDU 28,0,31,79,4:CLS:VD 
U 26:PRINTTABI10,8)"Enter Title for the Main Menu" TABI10,10 
);:TEXT$IN)=FN TEXT INPUT:IF TEXT$IN)="" N=N-1:GOTO 860 
1090 PRINT#FILE,TEX~$IN):0:IPNTR=PTR#FILE:PRINTTABI10,13)"D0 you 
require a Secondary Menu? ";:REPEAT:A$=INKEY$(O) :PROC TIMEIO 
) :UNTIL INSTRI"YyNn",A$)<>O:IF INSTR("Nn",A$)<>O PRIN~"no"; 
ELSE PRINT"yes"; 
1100 FOR 1=1 TO N:PRINT#FILE,INDEXS(I) :NEXT:PTR#FILE=O:PRINT#FILE 
,N,IPNTR 
1110 IF INSTR("Nn",A$)<>O GOTO 860 ELSE E=N:GOTO 1230 
1120 REM **************** Delete an Entry ******************** 
1130 VDU 28,0,31,79,YT+1:CLS:VDU 26:PRINTTAB(10,YT+2)"De1ete Whic 
h Entry: ";:REPEAT:A=INKEY(O):A$=CHR$(A) :PROC TIME(O):UNTIL 
A=13 OR INSTR(AL$,A$)<>O:IF A=13 VDU 28,0,31,79,YT+1:CLS:GOT 
o 910 
1140 PRINTA$;:PRINTTAB(12,YT+3)"Are you sure? ";:REPEAT:B$=INKEY$ 
(0) :PROC TIME(O):UNTIL INSTR("YyNn",B$)<>O 
1150 IF INSTRT"Nn" ,B$) <>0 PRINT"no"; :GOTO 1130 ELSE PRINT"yes"; 
1160 VDU 26:PS=INSTR(AL$,A$):N=N-1:IF PS>N GOTO 1190 
1170 Z=O:FOR 1=1 TO N+1:IF loPS Z=Z+l:INDEX%(Z)=INDEX%II) 
1180 NEXT:PTR#FILE=IPNTR:FOR 1=1 TO N:PROC_TIMEIO):PRINT#FILE,IND 
EX% ( I) : NEXT 
1190 PTR#FILE=O:PRINT#FILE,N:GOTO 860 
1200 REM **************** Add Secondary Menu ***************** 
1210 VDU 28,0,31,79,YT+1:CLS:VDU 26:PRINTTABI10,YT+2)"Which Entry 
: ";:REPEAT:A$=INKEY$(O):PROC TIME(O):UNTIL INSTR(AL$,A$)<>O 
:PRINTA$;:E=INSTR(AL$,A$) -
1220 IF TPNTR(E»O VDU 28,0,31,79,YT+1:CLS:VDU 26:PRINTTAB(10,YT+ 
2)"A Secondary Menu already exists for this entry":TO=TIME:R 
EPEAT:PROC_TIME(O) :UNTIL TIME-TO>100;VDU 28,0,31,79,YT+l:CLS 
:VDU 26:PRINTTAB(0,YT-l);:GOTO 910 
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1230 CLS:PRINTTAB(40-LEN(DATES)/2,3) DATES TAB(30,8)"Secondary Me 
nu";:PRINTTAB(25,11)"How many Entries? ";:NN=FN INPUT(O):PRI 
NTTAB(20,13) :FOR 1=1 TO NN:PRINTTAB(25,VPOS+1) ~HRS(64+I);": 
" . ,
1240 TEXTS(I)=FN TEXT INPUT:IF TEXTS(I)="" GOTO 1240 
1250 NEXT:PTR#FILE=IPNTR:SPNTR=IPNTR:PRINT#FILE,NN:FOR 1=1 TO NN: 
PROC TIME(O):PRINT#FILE,TEXTS(I):NEXT:IPNTR=PTR#FILE:FOR 1=1 
TO N:PROC TIME(O) :PRINT#FILE,INDEX%(I):NEXT:PTR#FILE=5:PRIN 
T#FI LE, I PUrR: PTR#FI LE= I NDEX% ( E) : INPUT#FILE, DUM$ :PRINT# FI LE, S 
PNTR 
1260 GOTO 860 
1270 REM ************** Delete Secondary Menu **************** 
1280 VDU 28,O,31,79,YT+1:CLS:VDU 26:PRINTTAB(10,YT+2)"De1ete Whic 
h Secondary Menu: ";:REPEAT:A$=INKEY$(O) :PROC TIME(O) :UNTIL 
INSTR(AL$,AS)<>O:PRINTAS;:E=INSTR(ALS,AS) -
1290 IF TPNTR(E)=O VDU 28,O,31,79,YT+1:CLS:VDU 26:PRINTTAB(10,YT+ 
2)"A Secondary Menu does not exists for this entry":TO=TIME: 
REPEAT:PROC TIME(O) :UNTIL TIME-TO>100:VDU 28,O,31,79,YT+1:CL 
S:VDU 26:PRINTTAB(O,YT-1l; :GOTO 910 
1300 PTR#FI LE= I NDEX% ( E) : I NPUT#FI LE, DUMS :PRINT#FI LE, 0: GOTO 860 
1310 CLOSE#FILE:VDU 26:CLS 
1320 ENDPROC 
1330 
1340 END 
C.I.3. Common Subroutines 
PROC TIME(O) 
FN TEXT INPUT 
FN STR TIME(N) 
PROC TIME(O) 
FN INPUT(B) 
See Section C.5 
Calculates the time 
Inputting of text, whilst maintaining 
other functions 
Converts internal time into string 
Procedure for maintaining the clock 
display 
Input of a number, whilst maintaining 
other functions 
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C.2. CALIB Program 
This program controls the data acquisition in order to 
produce a calibration curve of the measurement system. As 
explained in Chapter 4, the system is calibrated by applying a 
known force at a tangent to the surface of the inner rotor. The 
load cell can then be tested by the CIL AID Converter at 
intervals and for a length of time specified by the user. These 
results are displayed together with a statistical analysis, so 
that the quality of the calibration can be assessed. The 
individual calibration tests can be repeated as often as required 
by the user. The results of the calibration must be stored in 
the file CALIB.DAT for access by programs SHEAR and RETREVAL. 
C.2.1 Main Program: 
10 DIM R(1000,2),ET(1000),B(8),MONTH$(12),M$(2),DY$(4) 
20 LCELL=30:SUM=0:SUMSQ=0:NDAT=1000 
30 PROC SETUP:MODE O:VDU 23;8202;0;0;0; 
40 CLS:PRINTTAB(30,5) DATE$ 
50 QD=1:TD=4.4:MFRQ=7:DFRQ=10 
60 PRINTTAB(lO,lO)"Enter No. of Readings required: ";:NR=FN_INT_ 
INPUT 
70 PRINTTAB(10,14)"Frequency of Readings: "TAB(12,15)"Minimum of 
";MFRQ;" seconds per Reading"TAB(12,16)"Default is ";DFRQ;" 
seconds per Reading"TAB(33,14);: 
80 A=FN INT INPUT 
9.0 IF A~O FRQ=DFRQ:PRINTTAB( 33,14) ;DFRQ ELSE IF A>MFRQ FRQ=A ELS 
E PRINTTAB(33,14)" "TAB(33,14);:GOTO 170 
100 FRQ=FRQ*100 
110 CLS:ON ERROR OFF:SUM=0:SUMSQ=0:PRINTTAB(30,5) DATE$:PRINTTAB( 
10,10)"Enter run No. ";:INPUT CALN 
120 PRINTTAB(10,15)"Enter Spring Extension (mm) : ";:EX=FN_INT_IN 
PUT 
130 MSG=2100/104*EX+300:FRCE=62*9.81*MSG/30000:IF EX=O FRCE=O 
140 @%=&20105:PRINTTAB(10,17)"Force Applied (N): ";FRCE:@%=lO 
150 PRINTTAB(28,23)"Type <space> when ready ":REPEAT:UNTIL INKEY$ 
(0)=" " 
160 PROC AIR TEST:IF Y%=O PRINTTAB(23,15)"Type <space> when ready 
":REPEAT:UNTIL INKEY$(O)=" " 
170 CLS:ON ERROR PROC ERROR 
180 PRINTTAB(35,0)DATE$ TAB(10,1)"CALIBRATION TEST No. ";CALN TAB 
(10,3)"Spring Extension (mm): ";EX:@%=&20105:PRINTTAB(10,4)"F 
orce Applied (N): ";FRCE:e%=lO 
190 NDT$=FN DATANUM(NDAT) 
200 PRINTTAB(6,6)"Time"TAB(19,6)"Time Elapsed"TAB(40,6)"Mean"TAB( 
52,6)"Standard"TAB(66,6)"Probable"TAB(16,7)"secs."TAB(25,7)"h 
h:mm:ss"TAB(52,7)"Deviation"TAB(66,7)"Error" 
210 II=-l:Tl=TIME-FRQ:PROC TIME:T%=ETIME 
220 REPEAT:II=II+l:VDU 28,0,31,79,0:REPEAT:PROC TIME:UNTIL TIME-T 
l>=FRQ:Tl=TIME:AM$=ATM$:EM$=ETM$:ET(II)=ETIME:PROC ANALYSIS:T 
=TIME:REPEAT:PROC TIME:UNTIL TIME-T>TD*lOO -
230 PROC_RETREVAL:VDU-28,0,31,79,9:IF 11<22 1=11 ELSE 1=22 
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240 PRINTTAB(4,I) AM$ TAB(16,I) ET(II) TAB(25,I) EM$;:@%=&20108:P 
RINTTAB(39,I) R(II,0);:@%=&20207:PRINTTAB(53,I) R(II,l);:@%=& 
20105:PRINTTAB(68,I) R(II,2):@%=10 
250 SUM=SUM+R(II,0):SUMSQ=SUMSQ+R(II,0)©2 
260 UNTIL II+1=NR 
270 MEAN= SUM/NR: STDEV= SQR (SUMSQ/NR-l,IEAN©2) 
280 PROG PRINTOUT:GOTO 110 
290 STOP 
300 
C.2.2 Subroutines: 
PROG PRINTOUT Prints out the results of the calibration test 
just completed. 
400 DEF PROG PRINTOUT 
410 LOGAL I,F$ 
420 VDU 2,21:PRINT" ";DATE$:PRINT:PR 
INT"CALIBRATION TEST No. ";STR$((GALN):PRINT:PRINT"Spring Ex 
tension (mm): ";STR$( (EX):F$=FN STR NUM(FRCE,5,1):PRINT:PRINT 
"Force Applied (N): ";F$ --
430 VDU 10,10,10,6,1,27,1,68,1,6,1,19,1,40,1,52,1,66,1,0,1,9,2l:P 
RINT"Time";:VDU 6,1,9,21:PRINT"Time E1apsed";:VDU 6,1,9,21:PR 
INT"Mean";:VDU 6,1,9,21:PRINT"Standard";:VDU 6,1,9,21:PRINT"P 
robab1e" 
440 VDU 6,1,27,1,68,1,16,1,25,1,52,1,66,1,0,1,9,21:PRINT"secs.";: 
VDU 6,1,9,21:PRINT"hh:mm:ss"; :VDU 6,1,9,21:PRINT"Deviation";: 
VDU 6,1,9,21:PRINT"Error":IF ET(II)=O AND R(II,O)=O IF 11>0 I 
I=II-1 
450 VDU 6,1,27,1,68,1,4,1,14,1,25,1,37,1,52,1,67,1,0,10 
460 FOR 1=0 TO II:M$(O)=FN STR NUM(R(I,0),8,1):M$(1)=FN STR NUM(R 
(1,1),7,2) :M$( 2 )=FN STR NUM( R( 1,2),5,1): F$=FN STR NUM ( ET( 1),6 
,O):VDU 1,9,21:A$=FN STH TIME(ET(I)+S%+T%):PRINTA$;:VDU 6,1,9 
,21:PRINTF$;:VDU 6,1~9,2T:A$=FN STR TIME(ET(I)):PRINTA$; 
470 VDU 6,1,9,21:PRINTM$(0);:VDU 6,r,9,~1:PRINTM$(1);:VDU 6,1,9,2 
1:PRINTM$(2):VDU 6:NEXT:PRINT:PRINT" Mean = ";MEAN:PRI 
NT" St. Dev. = ";STDEV 
480 VDU 6,3,7,7,26:MODE ° 
490 ENDPROG 
500 
PROG-SETUP Sets communication baud rates with the RS423 Port 
and clears the re1event buffers. The RS423 Port is used 
for communication with the CIL A/D Converter. Also 
initialises important variables 
510 DEF PROG SETUP 
520 PR=O 
530 *FX 5,1 
'540 *FX7,4 
550 *FX21,1 
560 *FX8,4 
570 *FX21,2 
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580 FOR 1=1 TO 12:READ MONTH$(I):NEXT:FOR 1=1 TO 4:READ DY$(I):NE 
XT 
590 DATA January, Februa ry , Ma rch, Apri 1, Hay, June, July ,Augu st, Septem 
ber,October,November,December,st,nd,rd,"th" 
600 DATE$=STR$( (D%)+DY$(G%)+" "+MONTH$(E%)+" 19"+STR$( (F%) 
610 VDU 23;8202;0;0;0; 
620 ENDPROC 
630 
PROC ERROR Traps any error and returns control to the MASTER 
program. Generally used so that <escape> ends the 
Calibration Test 
640 DEF PROC ERROR 
650 IF ERR=l~ PROC PRINTOUT:VDU 26:CHAIN"MASTER" 
660 IF ERR=26 AND ERL=370 GO TO 460 
670 ON ERROR OFF:VDU 6,3:CHAIN"MASTER" 
680 ENDPROC 
690 
PROC AIR TEST Monitors the air supply to the air bearings, 
-interupting the calibration test if the air pressure 
drops below 3.4 Bar (50 psi) 
700 DEF PROC AIR TEST 
710 LOCAL A 
720 A=FN CHAR IN(l,O) :IF A>16384 Y%=l:GOTO 820 
730 MODE-2:CO"LOUR 15:VDU 7,7:PRINTTAB(3,1l)"SWITCH ON THE"TAB(2,1 
4) "AIR SUPPLY! I !!" 
740 REPEAT:A=FN CHAR IN(l,O):UNTIL A>16384 
750 MODE O:COLOUR l:Y%=O 
760 ENDPROC 
770 
PRoe ANALYSIS Commands the CIL AID Converter to perform the 
analysis and subsequently perform the data processing 
(details given in Appendix B) 
780 DEF PROC ANALYSIS 
790 PROC CHAR OUT(NDT$+"Gl,IO,QS,"+STR$( (NDAT)+" ,QD,"+STR$( (QD)+" 
,PA6293,QE") 
800 ENDPROC 
810 
PROC RETREVAL Retrieves the processed data from the CIL 
820 DEF PROC RETREVAL 
830 LOGAL TO-;-SL,SH,SQL,SQM,SQH,MCSUM,f.lCSUMSQ 
840 PROC CHAR OUT("PA6144,E") :TO=TIME:REPEAT:PROC TIME:PRINTTAB(6 
3,0)-ATMFUNTIL TIME-TO>lOO . -
850 PROC CHAR OUT("PA6283,QI") 
860 *FX 2,1 -
870 *FX 3,7 
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880 PRINT"IC1Tl";CHR$(1]);:INPUTSL:PRINT"IC1Tl";CHR$(1]);:INPUTSH 
:PRINT"IC1Tl";CHR$(1]);:INPUTSQL:PRINT"IC1Tl";CHR$(1]);:INPUT 
SQM:PRINT"IC1Tl";CHR$(1]);:INPUTSQH 
890 *FX 2,0 
900 *FX 3,0 
910 SL=SL+32768:SH=SH+32768:SQL=SQL+32768:SQM=SQM+32768:SQH=SQH+] 
2768 
920 SL=256*(8L MOD 256)+SL DIY 256:8H=256*(8H MOD 256)+8H DIY 256 
:8QL=256*(8QL MOD 256)+8QL DIY 256:8QM=256*(8QM MOD 256)+8QM 
DIY 256:8QH=256*(8QH MOD 256)+SQH DIY 256 
930 MCSUM=SL+65536*SH:MC8UMSQ=SQL+65536*(SQM+655]6*SQH):R(II,O)=M 
CSUM/NDAT-32768:R(II,1)=SQR(MC8UMSQ/NDAT-(MCSUM/NDAT)©2):R(II 
,2)=R(II,1)/8QR(NDAT) 
940 ENDPROC 
950 
960 END 
C.2.J Common Subroutines 
PROC CHAR OUT(N) 
FN CHAR IN(CH,N) 
FN-8TR TIME(N) 
PROC TIME(N) 
FN INPUT(N) 
FN=STR_NUM(N,l.l,D) 
See 8ection C.5 
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Sends character to elL 
Retrieves character from CIL 
Converts time to text (hh:mm:ss) 
Calculates time & elapsed time 
Input number & maintains clock 
Converts number to required no. 
of significant figures & decimal 
places 
C.3 SHEAR Program 
Summary: This program controls the shear experiment 
Main Features include: 
il 
iiJ 
ii i) 
i v) 
v) 
vi) 
vi i) 
vii i) 
Control of motors 
Monitors air pressure 
Monitors load cell at preset intervals 
Converts data from CIL AID Converter into shear 
force measurements using calibration curve created 
by program CALIB 
Displays data in both numerical and graphical form 
Enables a review of the data on the screen, whilst 
maintaining other functions 
Provides a hardcopy of results in either cli units, 
Shear Force or Shear Stress (need to supply the 
height of the shear plane at the end of the 
experiment) 
Stores all data in 'day files' - See section C.6 
C.3.l Data Input 
The program requires the input of the following data: 
A. Title 
This may be input manually or by using title menus. Two 
levels of menu can be made available. These menus are 
prepared in program MASTER and stored in file TITLES.DAT 
An Example of the main menu: 
Title 
A. Alumina 
B. Ground Phosphate Rock 
C. Sodium Carbonate 
D. etc •••••••• 
Secondary 
Menu 
yes 
no 
no 
<ret> None of these [enter title manually) 
If a title from the main menu is selected for which a 
secondary menu exists, the program will automatically prompt 
the second menu. The Secondary menu for Alumina could be: 
A. Standard Powder 
B. Flooded Material 
C. <75 microns [Powder AJ 
D. etc .•••••• 
<ret> None of these 
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Once a title has been selected the program enters the normal 
input mode as if entering the title manually. 
B. Motor Speeds 
The rotational speeds of both motors can be set. Default 
value is stationary. Maximum Speeds are 75 rpm for the outer 
cylinder and 150 rpm for the inner rotor. 
c. Frequency of readings - Specified in seconds 
D. Is the experiment for a specific length? 
If answered no, the experiment will run until terminated 
manually, by pressing <escape>, otherwise it will request a 
length of run. This is of the format hh:mm:ss, <ret> acts as 
a reply of zero. Le. for a run of 30 mins type <ret>, <3>, 
<0>, <ret> or the longer version <0>, <0>, <3>, <0>, <0>, <0> 
The experiment can always be terminated by the <escape> key. 
Note: The program can store up to 300 sets of readings, 
therefore, the maximum run length is dependent on the 
frequency of the readings taken. i.e. if the frequency is 
one reading per minute, the experiment can run for up to five 
hours. 
E. Air Flowrate 
Enter flowrate set on the contollers. Air flowrate is 
manually controlled 
F. Load cell Position 
This is read off the scale at the base of the load cell. 
Note the machine is calibrated at a position of 30 mm, the 
program corrects the forces to the position specified. 
Default is taken to be 30 mm. 
C.3.2 Data Display: 
The data is displayed on the screen in the following format, 
and the menu for the functions available is shown below. 
Time Time Elapsed Force Mean Standard 
secs hh:mm:ss ( N) De via ti on 
12:13:53 0 00:00:00 5.3 5.30 0.00 
12:15:53 120 00:02:00 10.4 7.85 2.55 
.... 
Screen Review (Unavailable) Disc Logging (ON) I 
Elapsed Time: 00:07:37 Graphical Display A 
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Pressing <A> will switch to the graphical mode and <I> will 
switch on/off the disc logging option. When sufficient data has 
been obtained to overload the screen the user has the option to 
review the data, the function menu will change to: 
Screen Review 
Elapsed Time: 
Pressing 
(available) 
00: 4 5: 52 
<P> switches 
P 
into data 
Disc Logging (ON) 
Graphical Display 
I 
A 
review mode which allows 
movement of the screen window over the data set. 
Disc Logging I Full Page: Up F One Line: Up K 
Screen Review 
-
off P Down C Down lA 
Graphical Display A Half Page: Up H Top of Page W 
Elapsed Time: 00:45:54 Down B Btm of Page R 
Key A changes the display into graphical mode, where either 
axis can be enlarged or contracted for optimum display. Transfer 
can also occur between raw and smoothed data. Whilst the amount 
of data is only sufficient for one screen, data review is not 
necessary and the function menu is: 
Data Display 
Maximum Display 
Smoothed data 
W 
S 
Axes 
Enlarge 
Contract 
X-Axis 
F 
C 
Y-Axis 
H 
B 
Data Logging (ON) I 
Elapsed Time: 00:02:34 
[note display is of raw data i.e. Key S changes to Smoothed datal 
If the amount of data exceeds one screenful, data review 
becomes available and the function menu changes to: 
Data Display Modes 
Maximum Display W 
Display Review R 
Axes 
Enlarge 
Contract 
Terminating experiment: 
X-Axis 
F 
C 
Y-Axis 
H 
B 
Da ta Logging (ON) I 
Smoothed data S 
Elapsed Time: 00:45:59 
The experiment is terminated automatically if a fixed length 
was specified when setting up the experiment. However, the run 
can be terminated at any time by pressing the <escape> key. The 
program will then stop the motors, printout a hadcopy of the data 
and store the details in the day file on the disk in drive B: 
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C.3.3 Main Program 
10 DIM R$(300,2),ET$()00),B(9),MONTH$(12),TM$(300,1),DY$(4),DLO 
G(20,1),INDEX%(20),TEXT$(20),TPNTR(20),STAeK(10),eAL(2O,l),Y 
(300,1) 
20 PROe SETUP 
30 eLS:PRINTTAB(30,3) DATE$ 
40 PRoe DATA INPUT 
50 PRINTTAB(28,29)"Type <space> when ready ":REPEAT:PROe TIME(O 
) :UNTIL INKEY$(O)=" " 
60 PROe AIR TEST 
70 PROe-ANOUT(O,O) :PROe RELAY(O,ll :PROe ANOUT(l,O) :PROe RELAY(l 
,1) - - - -
80 ON ERROR PROe ERROR 
90 eLS:PRINTTAB(J5,0)DATE$ TAB(7,1)"Run title: ";TITLE$:PROe HE 
ADING' -
100 NDT$=FN_DA TANUM ( NDAT) : PROe _LIST_HEADER: PROe_MOTOR_STARTUP: PR 
De DISPLAY MENU 
110 II~-l:PROe-TIME(O) :T%=ETME:Tl=-l:L%=L%+l 
120 REPEAT 
130 Il=II+l:VDU 28,0,31,79,0:REPEAT:PROe TIME(2) :PRoe REVIEW:UNT 
IL ETIME DIV FRQ>Tl - -
140 Tl=Tl+l :TM$( Il ,O)=ATM$:TM$( Il ,1l=ETM$:ET$( Il)=FN STR NUM(ETI 
ME,6,0) :PROe ANALYSIS - -
150 T=TIME:REPEAT:PROe TIME(l) :PROe REVIEW:UNTIL TIME-T>TD*100 
160 IF GRAPH=O AND (H%~O AND X%=l) X%=0:I%=3:PROe DISPLAY MENU 
170 PROe RETREVAL:II=II+1:IF H%=O AND Q%=O X%=1:I%=3:PROe-DISPLA 
Y MENU:GOTO 220 -
180 VDU 28,0,29-INT(W%13),79,9:DISBTM=DISBTM+1:A=20-INT(W%13) :IF 
II<A IX=II ELSE IX=A:DISTOP=DISTOP+l 
190 IF H%=O OR GRAPH=l PROe DISPLAY UPDATE 
200 IF GRAPH=l AND (X%=O AND II>A) X%=l:I%=l:PROe DISPLAY MENU:G 
OTO 220 - -
210 IF (M%=O AND Il>A) AND H%=O X%=1:I%=3:PROe_DISPLAY_MENU 
220 PROe AIR 
230 UNTIL II>=LIMIT%:*FX 125 
240 PRoe ERROR 
250 STOP 
260 
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C.3.4 Subroutines 
PROG_STOP - Resets control to the keyboard, the display to the 
screen and stops the motors. The resetting of control 
and the display is required in case the run is stopped 
while data is being retrieved from the GIL, when these 
functions are inactive. 
270 DEF PROG STOP 
280 *FX 3,0 
290 *FX 2,0 
300 PROG RELAYS(O):PROG ANOUT(O,O) :PROG ANOUT(l,O) 
310 ENDPROG - -
320 
PROG SETUP - Initialises important variables, reads in the 
calibration data and composes the date string. 
330 DEF PROG SETUP 
340 LOCAL I, N 
350 PR=0:LCELL=30:SUM=0:SUMSQ=0:NDAT=1000:PM=2 
360 GALGDE=l:GELLCL=O:BEDHT=O:ROTD=O 
370 *FX 5,1 
380 *FX7,4 
390 *FX21,1 
400 *FX8,4 
410 *FX21,2 
420 FOR 1=1 TO 9:READ B(I):NEXT 
430 DATA 10,15,20,30,60,90,100,120,180 
440 FOR 1=1 TO 12:READ IAONTH$(I):NEXT:FOR 1=1 TO 4:READ DY$(I):N 
EXT 
450 DATA January,February,March,Apri1,May,June,Ju1Y,August,Septe 
mber,October,November,December,st,nd,rd,"th" 
460 DATE$=STR$( (D%)+DY$(G%)+" "+MONTH$(E%)+" 19"+STR$( (F%) 
470 M%=0:Q%=1:Z%=0:W%=2:X%=0:V%=0:I%=1:H%=0:TE%=14:GRAPH=0:GFLAG 
=O:PMAXIM=O:DISP%=O:DISTOP=O:DISBTM=O:ZZl=O:TSUM=O:TSUMSQ=O: 
STSUM=O:STSUMSQ=O:POINTER=-l:TYP%=l:MODE O:VDU 23;8202;0;0;0 
, 
480 FILE=OPENIN("CALIB.DAT") :INPUT#FILE,NG:FOR 1=1 TO NC:INPUT#F 
ILE,CAL( 1,0) ,CAL( 1,1) :NEXT:CLOSE#FILE:PCAL=l 
490 ENDPROC 
500 
PROG ANOUT(CH,A) - General routine for outputting a value "A" to 
- the output channel "CH" of the CIL 
510 DEF PROC ANOUT(CH,A) 
520 PROG CHAROUT("O"+STR$((GH)+STR$((A)) 
530 ENDPROG -
540 
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PROC_CHAR_OUT(C$) - Handles communication to the CIL, in 
activating/deactivating the relevent output ports. 
550 DEF PROC CHAR OUT(CHAR$) 
560 *FX3,7 - -
570 PRINT CHAR$;CHR$(13); 
580 *FX3,0 
590 ENDPROC 
600 
PROC_RELAYS(ST) - Alters the state of all the relays of the CIL 
ST = 0 means all relays off; ST = 1 means all relays on 
610 DEF PROC RELAYS(STATE%) 
620 LOCAL OUT$ 
630 STATE%=ABS(STATE% MOD 2) 
6400UT$="RA"+STR$((STATE%) 
650 PROC CHAR OUT(OUT$) 
660 ENDPROC -
670 
PROC_RELAY(R,ST) - As for PROC_RELAYS except it is specific to 
the relay "R" 
680 DEF PROC RELAY(RELAY%,STATE%) 
690 LOCAL OUT$ 
700 STATE%=ABS(STATE% MOD 2) 
710 RELAY%=ABS(RELAY% MOD 4) 
720 OUT$="R"+STR$( (RELAY%)+STR$((STATE%) 
730 PROC CHAR OUT(OUT$) 
740 ENDPROC -
750 
PROC ERROR - Traps any errors generated by the computer. Enables 
<escape> to be used to terminate the experiment early, 
with the data being printed and saved on disk. The 
motors are always turned off and Control returns to the 
program MASTER 
760 DEF PROC ERROR 
770 IF ERR=17 PROC STOP:PROC STOP MENU:PROC PRINTOUT:PROC FILE D 
ATA:GOTO 800 - -
780 PROC STOP 
790 ON ERROR OFF:VDU 6,3,26:CHAIN"MASTER" 
800 ENDPROC 
810 
PROC AIR TEST - Tests the air supply before the start of the 
experiment. The experiment can not start without the 
air being connected 
830 DEF PROC AIR TEST 
840 LOCAL A 
850 A=FN_CHAR_IN(l,O) :IF A>16]84 GOTO 900 
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860 MODE 2:COLOUR 15:VDU 7,7:PRINTTAB(],11)"SWITCH ON THE"TAB(2, 
14)"AIR SUPPLY 1111" 
870 REPEAT:T=TIME:REPEAT:SOUND 1,-15,150,20:A=FN CHAR IN(l,O) :IF 
A>16]84 T=TIME-99999 - -
880 UNTIL TIME-T>=400:UNTIL A>16]84 
890 MODE O:COLOUR 1:PRINTTAB(23,15)"Type <space> when ready ":RE 
PEAT:UNTIL INKEy$(O)=" " 
900 ENDPROC 
910 
FN CHAR IN(CH,G) - Retrieves data from channel "CH" of the CIL 
with a gain setting of "G" 
920 DEF FN CHAR IN(CH,GAIN) 
930 LOCAL A,A$ -
940 A$="G"+STR$( (GAIN)+" ,I"+STR$( (CH)+" ,IC1T1" 
950 *FX 2,1 
960 *FX 3,7 
970 PRINT A$;CHR$(13);:INPUT A 
980 *FX 2,0 
990 *FX 3,0 
1000 =A 
1010 
PROC ANALYSIS - Instructs the CIL to perform the analysis. 
G1 - 1V is FSD; 10 - Input channel "0"; QS = ; 
NDAT = No. of readings (1000); QD = delay between 
readings; PA6293 = start address for data storage; 
QE = Execute analysis 
1020 DEF PROC ANALYSIS 
1030 PROC CHAR OUT( NDT$+"G1 ,10 ,QS, "+STR$( (NDAT) +" ,QD, "+STR$( (QD) + 
",PA6293,QE") 
1040 ENDPROC 
1050 
PROC RETREVAL - Retrieves data from the CIL after first 
initiating the data processing program within the CIL. 
The data retrieved is converted into force units using 
the calibration data. See PROC CAL CONVERT (section C.5) 
If FLAG has been set the calibration data has been 
exceeded (see PROC OVERLOAD) 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
DEF PROC RETREVAL 
LOCAL TO:-SL,SH,SQL,SQM,SQH,N,MEAN,FRCE,MCSUM,A,FLAG 
PROC CHAR OUT("PA6144,E"):TO=TIME:REPEAT:PROC TIME(l):UNTIL 
TIME~TO>100 -
PROC_CHAR_OUT( "PA6283,QI") 
*FX 2,1 
*FX 3,7 
PRINT"IC1T1";CHR$(13);:INPUTSL:PRINT"IC1T1";CHR$(13);:INPUTS 
H:PRINT"IC1T1";CHR$(13);:INPUTSQL:PRINT"IC1T1";CHR$(1]);:INP 
UTSQM:PRINT"IC1T1";CHR$(13);:INPUTSQH 
*FX 2,0 
*FX 3,0 
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1150 PROC TIME(1):SL=SL+32768:SH=SH+32768:SL=256*(SL MOD 256)+SL 
DIV 256:SH=256*(SH MOD 256)+SH DIV 256:MCSUM=SL+65536*SH:MEA 
N=MCSUM/NDAT-32768 
1160 PROC CAL CONVERT:POINTER=(POINTER+l) MOD 10:TSUM=TSUM-STACK( 
POINTER)+FRCE:TSUMSQ=TSUMSQ-STACK(POINTER)e2+FRCE©2 
1170 STACK(POINTER)=FRCE:IF 11>8 N=10 ELSE N=Il+l 
1180 IF FRCE>PMAXIM PMAXIM=FRCE 
1190 R$(Il,O)=FN STR NUM(FRCE,8,1):A=SQR(TSUMSQ/N-(TSUM/N)©2) :R$( 
Il,l)=FN STR NUM(TSUM/N,7,1):R$(Il,2)=FN STR NUM(A,6,1) 
1200 IF 11=0 Y(Il~O)=VAL(R$(Il,O»:Y(1l,l)=VAL(R$TIl,l» ELSE Y(I 
1,0) =V AL ( R$ ( Il ,0) ) - V AL ( RS ( Il-l ,0) ) : Y ( Il , 1) =V AL (RS ( Il ,1) ) - VAL 
(R$(Il-l,l» 
1210 IF FLAG=O GOTO 1230 
1220 IF FLAG>O R$(1l,O)=R$(Il,O)+"+" ELSE R$(Il,O)=R$(Il,O)+"-" 
1230 ENDPROC 
1240 
FN_DATANUM(N) - Creates the command coding to inform the machine 
code program in the CIL the amount of data to process. 
This was intended for development purposes, so that the 
amount of data to process could be altered without 
requiring a re-write of the machine coding. 
1250 DEF FN DATANUM(N) 
1260 ="PA62~9,PD2,"+STR$((N MOD 256)+","+STR$( (N DIV 256) 
1270 
PROC DISPLAY_MENU - Updates the review menu 
1340 DEF PROC DISPLAY MENU 
1350 LOCAL Al~A2,Bl,B2 
1360 VDU 28,0,31,79,30-(W%+1) D1V 3:IF GRAPH=O GOTO 1470 
1370 REM ************ MENU FOR GRAPHICAL DISPLAY ************** 
1380 ON 1% GOTO 1390,1440,1420 ELSE 1600 
1390 CLS:PRINTTAB(2,0)"Data Display"TAB(O,l)"Maximum Display - W 
"TAB(28,0)"Axes"TAB(36,0)"X-Axis Y-Axis"TAB(26,1)"Enlarge"T 
AB(26,2)"Contract"TAB(39,1)"F H"TAB(39,2)"C B"TAB( 
56,0)"Data Logging"TAB(76,0)"- I"TAB(56,2)"Time Elapsed:"; 
1400 TE%=70:TSX=0:TSY=2 
1410 IF X%=l PRINTTAB(15,0)"Modes"TAB(0,2)"Display Review - R"; 
:TSX=56:TSY=1 
1420 IF D1SP%=O PRINTTAB(TSX,TSY)"Smoothed Data - So; ELSE PRI 
NTTAB(TSX,TSY)"Raw Data - So; 
1430 IF 1%=3 GO TO 1600 
1440 PRINTTAB(70,0);:IF V%=l PRINT"(ON )"; ELSE PRINT"(OFF)"; 
1450 GOTO 1600 
1460 REM ************ MENUS FOR NUMERICAL DISPLAY ************* 
1470 IF 1%>1 GOTO 1510 
1480 CLS:IF WI=2 TE%=19:PRINTTAB(5,1)"Screen Review"TAB(50,1)"Dis 
c Logging"TAB(73,1)"I"TAB(50,2)"Graphical Display"TAB(73,2)" 
A"TAB(5,2)"Elapsed Time:";:GOTO 1510 
1490 TE%=14:PR1NTTAB(0,0)"Disc Logging"TAB(22,0)"I"TAB(0,1)"Scree 
n Review - OFF P"TAB(0,2)"Graphical Display"TAB(22,2)"A"TA 
B(0,4)"Elapsed Time:"TAB(0,3)"Review facilities "TAB(43,4)"D 
isplay Mode: "; 
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1500 PRINTTAB(31,01"FULL PAGE: Up F"TAB(43,11"Down C"TAB(5 
8,01"ONE LINE: Up K"TAB(69,11"Down M"TAB(31,21"HALF P 
AGE: Up H"TAB(43,31"Down B"TAB(58,21"TOP OF PAGE"TAB( 
58,31"BTM OF PAGE"TAB(76,21"W"TAB(76,31"R"; 
1510 IF W%=10 Al=15:Bl=0:A2=18:B2=3 ELSE Al=65:Bl=1:A2=20:B2=1 
1520 ON 1% GO TO 1530,1530,1550,1580 ELSE 1600 
1530 PRINTTAB(Al,Bll;:IF V%=l PRINT"(ON I"; ELSE PRINT"(OFFI"; 
1540 IF 1%=2 GO TO 1600 
1550 PRINTTAB(A2,B21;:IF X%=l PRINT"(Availablel ";:IF W$=2 PRINT 
n p 11 ; 
1560 IF X%=O PRINT"(Unavailablel "; 
1570 IF 1%=3 GO TO 1600 
1580 IF W%=2 GOTO 1600 
1590 PRINTTAB(57,41;:IF Q%=l PRINT"Current"; ELSE PRINT"Review "; 
1600 VDU 28,0,31,79,0 
1610 ENDPROC 
1620 
PRoe REVIEW - This routine monitors the keyboard during the 
- experiment and directs the functions specified in the 
review menu. It only accepts valid input and alters the 
display accordingly. 
1630 DEF PROC REVIEW 
1640 LOCAL A,R,KEY,QA,Pl,P2,A$,KEY$ 
1650 *FX 202,32 
1660 A$=INKEY$(OI :B=ASC(A$I :IF B<O GO TO 1990 
1670 IF B>21 GOTO 1690 
1680 IF 8=1 PROC HEADING:GOTO 1990 
1690 ON GRAPH+l GOTO 1720,1700 
1700 IF X$=O KEY$="IFCHBSW" ELSE KEY$="IFCHBSWR" 
1710 GOTO 1730 
1720 IF X$=O KEY$="IA" ELSE IF W$=2 KEY$="IAP" ELSE KEY$="IAPWRFC 
HBKM" 
1730 KEY=INSTR(KEY$,A$I :IF KEY=O GO TO 1990 
1740 SOUND 1,-15,1,1:QA=Q%:I%=0:Pl=DISTOP:P2=DISBTM 
1750 IF A$="I" V%=(V%+11 MOD 2:I$=2:GOTO 1980 
1760 IF GRAPH=O GOTO 1830 
1770 REM **************** GRAPHICAL DISPLAY ********************* 
1780 IF INSTR("WR",A$I=O:KEY=KEY-l:AXFLG=O:PROC_GRAPH_DISPLAY:ZZl 
=1 :GOTO 1980 
1790 IF A$="W" W%=2 ELSE W%=10 
1800 I%=1:DISBTM=II:DISTOP=DISBTM-19+INT(W%131:IF DISTOP<O DISTOP 
=0 
1810 VDU 26,28,0,31,79,5:CLS:VDU 26:GRAPH=0:PROC_LIST_HEADER:PROC 
DISPLAY:GOTO 1980 
1820 REM **************** NUMERICAL DISPLAY ********************* 
1830 IF A$="A" W%=2: 1%=1 :AXFLG=l :TMMAX=TM:MAXIM=PMAXIM:GFLAG=O:PR 
OC GRAPH DISPLAY:GRAPH=l:ZZl=l:GOTO 1980 
1840 IF-A$<>"~" KEY=KEY-3:GOTO 1870. 
1850 W%=12-W%:Z%=1:Q%=1:DISBTM=II:DISTOP=DISBTM-19+INT(W$13I:IF D 
ISTOP<O DISTOP=O 
1860 I%=l:GOTO 1960 
1870 R=KEY MOD 2:IF R=l AND DISTOP=O Z%=O ELSE Z%=l 
1880 IF R=O AND DISBTM=II Z%=O ELSE Z%=l 
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1890 IF Z%=O GOTO 1960 
1900 IF A$="W" Q%=0:DISTOP=0:DISBTM=16 GO TO 1960 
1910 IF A$="R" Q%=1:DISBTM=II:DISTOP=DISBTM-16:GOTO 1960 
1920 Q%=O:IF A$="F" OR A$="C" A=16:GOTO 1940 
1930 IF A$="H" OR A$="B" A=8 ELSE A=l 
1940 IF R=l DISTOP=DISTOP-A:DISBTM=DISTOP+16:IF DISTOP<O DISTOP=O 
:DISBTM=16 
1950 IF R=O DISBTM=DISBTM+A:DISTOP=DISBTM-16:IF DISBTM>=II DISBTM 
=II:DISTOP=DISBTM-16:Q%=1 
1960 IF P1=DISTOP AND P2=DISBTM GOTO 1990 ELSE PROC DISPLAY 
1970 IF QA<>Q% 1%=4 
1980 IF 1%>0 PROC DISPLAY MENU 
1990 ENDPROC 
2000 
PRoe DISPLAY - Prints the numerical data as requested by 
PROC REVIEW. 
2010 DEF PROC DISPLAY 
2020 LOCAL I,J,A,B,C 
2030 IF ZZl=l ZZl=0:A=DISTOP:B=DISBTM:C=1:VDU 28,0,29-INT(W%/3),7 
9,9:CLS ELSE VDU 28,0,26,79,26:CLS:VDU 28,0,29-INT(W%/3),79, 
9:A=DISBTM:B=DISTOP:C=-1 
2040.FOR I=A TO B STEP C:J=I-DISTOP:PRINTTAB(O,J)" "; TM$(I,O 
); n "; ET$(I);" "; TM$(I,l);" "; R$(I,O); " 
"; R$ ( I , 1 ); n "; R$ ( I, 2 );" " : NEXT 
2050 VDU 28,0,31,79,0 
2060 ENDPROC 
2070 
PRoe FILE DATA - Stores the data on disk. See section C.6 
2080 DEFPROC FILE DATA 
2090 LOCAL NUM%,FILE,F$,IPTR%,APTR%,NDT%,I,J 
2100 F$="B:RES"+STR$((D%)+CHR$(E%+64)+CHR$(F%-19)+".DAT":FILE=OPE 
NIN(F$) 
2110 IF FILE=O FILE=OPENOUT(F$) :NUM%=0:IPTR%=10 ELSE INPUT#FILE,N 
UM%,IPTR%:PTR#FILE=IPTR%:FOR 1=1 TO NUM%:INPUT#FILE,INDEX%(I 
) : NEXT 
2120 NUM%=NUM%+l:PTR#FILE=IPTR%:INDEX%(NUM%)=IPTR%:PRINT#FILE,TYP 
%:APTR%=PTR#FILE+62:PRINT#FILE,TITLE$:PTR#FILE=APTR%:PRINT#F 
ILE,RPM1,RPM2,AF,LCPS,S%+T%,II+1,CALCDE,CELLCL,BEDHT,ROTD 
2130 FOR J=O TO II:PRINT#FILE,VAL(ET$(J)),VAL(R$(J,O)):NEXT 
2140 IPTR%=PTR#FILE:FOR 1=1 TO NUM%:PRINT#FILE,INDEX%(I):NEXT:PTR 
#FILE=O:PRINT#FILE,NUM%,IPTR%:CLOSE#FILE 
2150 ENDPROC 
2160 
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PROC AIR - Tests the air supply during the experiment. Will 
suspend the experiment if air supply fails 
2170 DEF PROC AIR 
2180 LOCAL A,B,TMAX$,TFAIL,TFL$,FAILT,FLAG 
2190 A=FN CHAR IN(l,O):IF A>16384 GOTO 2270 
2200 PROC-RELAYS(O):PROC TIME(O) :TFAIL=ETIME:TMAX$=FN STR TIME(TF 
AIL+S%+300):W%=10:SQUND 1,-15,150,40:VDU 28,0,31~79,31-(W%+1 
) DIV 3:CLS:PRINTTAB(18,0)"AIR SUPPLY FAILURE - Experiment S 
uspended" 
2210 PRINTTAB(3,2)"(Experiment will be TERMINATED if air is NOT r 
econnected BEFORE ";TMAX$;")";:VDU 28,0,31,79,0:DISBTM=II:DI 
STOP=DISBTM-16:IF DISTOP<O DISTOP=O ELSE PROC TIME(O) :PROC D 
ISPLAY --
2220 PROC TIME(O):FLAG=O:B=ETIME:REPEAT:A=FN CHAR IN(l,O):PROC TI 
ME(2}:FAILT=ETIME-TFAIL:IF A>16384 FLAG~1:FAILT=300:GOTO 224 
o 
2230 IF ETIME-B>5 B=ETIME:SOUND 1,-15,150,40 
2240 UNTIL FAILT>=300:PROC ANOUT(O,O) :PROC ANOUT(l,O):PROC TIME(O 
) : IF FLAG=l GOTO 2270- - -
2250 VDU 28,0,31,79,31-(W%+1) DIV 3:TFL$=FN_STR_TIME(TFAIL+S%) :CL 
S:PRINTTAB(22,0)"Tota1 Air Supply Failure at ";TFL$ TAB(28,2 
)"(Experiment Abandoned)":VDU 28,0,31,79,0 
2260 PROC_PRINTOUT:ON ERROR OFF:VDU 6,3,26:NEW:STOP 
2270 ENDPROC 
2280 
FN RUN LENGTH - Inputting of the run length in format hh:mm:ss 
. 2290 DEF FN RUN LENGTH 
2300·LOCAL A,IN%,HR,A$,B,MIN,SEC,N 
2310 A=FN NUMB(2) :IF A=127 GO TO 2310 ELSE IF A=13 HR=O:PRINT"OO:" 
;:GOTO 2330 ELSE A$=STR$( (A):PRINTA$;:IF A=2 N=3 ELSE N=9 
2320 B=FN NUMB(N) :IF B=127 VDU 127:GOTO 2310 ELSE IF B=13 GOTO 23 
20 ELSE B$=STR$( (B) :PRINTB$;":"; :HR=A*10+B 
2330 A=FN NUMB(5):IF A=127 VDU 127,127:A=HR DIV 10:GOTO 2320 ELSE 
IF A=13 MIN=O:PRINT"OO:";:GOTO 2350 ELSE A$=STR$( (A) :PRINTA 
$; 
2340 B=FN NUMB(9) :IF B=127 VDU 127:GOTO 2330 ELSE IF B=13 GOTO 23 
40 ELSE B$=STR$((B) :PRINTB$;":";:MIN=A*10+B 
2350 A=FN NUMB(5) :IF A=127 VDU 127,127:A=MIN DIV 10:GOTO 2340 ELS 
E IF-A=13 SEC=O:PRINT"OO";:GOTO 2370 ELSE A$=STR$((A):PRINTA 
$; 
2360 B=FN NUMB(9) :IF B=127 VDU 127:GOTO 2350 ELSE IF B=13 GOTO 23 
60 ELSE B$=STR$((B):PRINTB$;:SEC=A*10+B 
2370 =HR*3600+MIN*60+SEC 
2380 
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FN_NUMB(N) - Enables the input of a single character number of 
specified maximum "N", whilst maintaining the clock 
2390 DEF FN NUMB(N) 
2400 IF N>9-N=9 
2410 REPEAT:IN=INKEY(O):PROC TIME(O):UNTIL (IN=13 OR IN=127) OR ( 
IN>=48 AND IN<=48+N) 
2420 IF IN<>13 AND IN<>127 IN=IN-48 
2430 =IN 
2440 
PROC_DATA_INPUT - Inputting of the experimental conditions. 
2450 DEF PROC DATA INPUT 
2460 LOCAL P,A,I,DFRQ,MFRQ,L,A$ 
2470 PROC TITLE MENU 
2480 CLS:PRINTTAB(JO, 3)DATE$ :PRINTTAB(lO, 7) "Enter run title: ";TI 
TLE$;:TITLE$=TITLE$+FN_TEXT_INPUT 
2490 *FX 202,32 
2500 PRINTTAB(lO,lO)"Enter rotational speed of Outer Cylinder (0-
76 rpm): ";:P=POS:RPM1=FN INPUT(l):IF RPM1>76 FOR 1=1 TO POS 
-P:VDU 127:NEXT:SOUND 1,-13,150,2:GOTO 2500 
2510 PRINTTAB(10,12)"Enter rotational speed of Inner Rotor (0-150 
rpm): ";:P=POS:RPM2=FN INPUT(l):IF RPM2>150 FOR 1=1 TO POS-
P:VDU 127:NEXT:SOUND 1,~13,150,2:GOTO 2510 
2520 IF RPM1+RPM2=0 QD=1:AOUT1=0:AOUT2=0:GOTO 2550 
2530 AOUT1=-RPM1*424.17062:AOUT2=RPM2*212.0853:IF RPM1=0 L=60/RPM 
2 ELSE L=60/RPMl 
2540 QD=INT(L-l):IF L-QD-l>=0.5 QD=QD+l 
2550 TD=(QD+l)*2.2:MFRQ=TD+2:IF INT(MFRQ)<>MFRQ MFRQ=INT(MFRQ)+l 
2560 I=O:REPEAT:I=I+l:PROC_TIME(O) :UNTIL B(I»=MFRQ OR I=9:DFRQ=B 
(I):ON ERROR GOTO 2570 
2570 VDU 28,0,31,79,14:CLS:VDU 26:PRINTTAB(10,14)"Frequency of Re 
adings: "TAB(12,15)"Minimum of ";MFRQ;" seconds per Reading" 
TAB(12,16)"Default is ";DFRQ;" seconds per Reading"TAB(33,14 
) ; 
2580 A=FN INPUT(O) 
2590 IF A=O FRQ=DFRQ:PRINTTAB( 33,14) ;DFRQ ELSE IF A>MFRQ FRQ=A EL 
SE PRINTTAB(33,14)" "TAB(33,14);:SOUND 1,-13,150,2: 
GOTO 2580 
2600 TMNT=FRQ/60 
2610 ON ERROR GOTO 2620 
2620 VDU 28,0,31,79,18:CLS:VDU 26:PRINTTAB(10,18)"Experlment to r 
un Indefinately (Default) yes/no? ";:REPEAT:A=INKEY(O):PROC 
TIME(O) :UNTIL A=13 OR INSTR("YyNn",CHR$(A))<>O 
2630 IF INSTR("Nn",CHR$(A) )<>0 PRINT"no" ELSE PRINT"yes":L$="":LI 
MIT% =25436719: TMMAX= 60: TM= 60: GOTO 2660 
2640 PRINTTAB(15,19)"Enter length of run (hh:mm:ss): ";:LIMIT%=FN 
RUN LENGTH:L$=FN STR TIME(LIMIT%):LIMIT%=INT(LIMIT%/FRQ):VD 
U 28~0,31,79,18:CLS:VDU 26:PRINTTAB(l0,18)"Length of Run (hh 
:mm:ss): ";L$ 
2650 TM=LIMIT%*FRQ/60:TMMAX=TM/60:A=TMMAX DIV 5:IF (TMMAX MOD 5)= 
o TMMAX=A*5 ELSE TMMAX=(A+l)*5 
2660 PRINTTAB(10,20)"Enter air flow (dm@3/rnin): ";:AF=FN_INPUT(l 
) : ON ERROR OFF 
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2670 PRINTTAB(10,22)"Enter air pressure (psi): ";:AP-FN INPUT(O) 
2680 PRINTTAB(10,24)"Enter Load Cell Position (mm): ";:rCPS-FN IN 
PUT( 0) IF LCPS-O LCPS-LCELL -
2690 PRINTTAB(l0,26)"Do you require data to be logged on Disc? "; 
2700 REPEAT:A$-INKEY$(O):PROC TIME(O):UNTIL INSTR("YyNn",A$)<>O:I 
F INSTR("YY",A$)<>O PRINT"yes":V%-l:DL-O:DLOG(O,l)-O ELSE PR 
INT"no" :DL--l 
2710 ENDPROC 
2720 
PRoe HEADING - Formats and displays the Experimental conditions 
2730 DEF PROC HEADING 
2740 LOCAL A,Al,A2,Bl,B2 
2750 VDU 28,0,5,79,2:CLS 
2760 IF RPMI-O OR RPM2-0 A-7:Bl-l:B2-2:PRINTTAB(7,0)"Rotational S 
peed of "; ELSE A-43:IF L$<>"" BI-0:B2-1 ELSE Bl-l:B2-2 
2770 PRINTTAB(A,Bl)"Air flow: ";AF;" dm®3/min"TAB(A,B2)"Load Cell 
Position: ";LCPS;" mm" 
2780 IF RPM2-0 PRINTTAB(27,0)"Outer Cylinder: ";RPM1;" rpm" ELSE 
IF RPMI-O PRINTTAB(27,0)"Inner Rotor: ";RPM2;" rpm" ELSE PRI 
NTTAB(7,0)"Rotational Speeds:"TAB(9,l)"Outer Cylinder: ";RPM 
1;" rpm"TAB(9,2)"Inner Rotor: ";RPM2;" rpm" 
2790 IF RPMI-O OR RPM2-0 Al-50:Bl-l:A2-57:B2-2 ELSE Al-43:Bl-2:A2 
-66: B2-2 
2800 IF L$<>"" PRINTTAB(Al,Bl)"Run Length (hh:mm:ss):"TAB(A2,B2)L 
$ 
2810 VDU 26 
2820 ENDPROC 
2830 
PRoe LIST HEADER - Sets the header for the data display 
2840 DEF PROC LIST HEADER 
2850 PRINTTABT6,6)"Time"TAB(19,6)"Time Elapsed"TAB(54,6)"Mean"TAB 
(66,6)"Standard"TAB(16,7)"secs."TAB(25,7)"hh:mm:ss"TAB(54,7) 
"Value"TAB(66,7)"Deviation"TAB(40,6)"Force"TAB(40,7)" (N) " 
2860 ENDPROC 
2870 
PRoe MOTOR STARTUP - Starts up the motors. The motors are ramped 
up to the set speed. This is necessary due to the rapid 
response of the contollers which could cause the power 
circuits of the controllers to overload when the rotor 
is immersed in powder. 
2880 DEF PROe MOTOR STARTUP 
2890 LOCAL Bl,B2 
2900 Bl-0:B2-0:FOR I-I TO 6:BI-Bl+AOUTl/6:B2-B2+AOUT2/6:PROC ANOU 
T(O,Bl):PROC ANOUT(I,B2):TO-TIME:REPEAT:PROe TIME(O):UNTIL T 
IME-TO>lOO:NEXT -
2910 ENDPROC 
2920 
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PROC TITLE MENU - This retrieves the title menus from the file 
- -TITLES.DAT and enables selection from these menus in 
order to construct a title. This can still be added to 
in PROC INPUT 
2930 DEF PROC TITLE MENU 
2940 LOCAL A,A$,N,ALPH$,AL$,PS 
2950 ALPH$="ABCDEFGHIJKLMNOPQRST":TIFILE=OPENIN("TITLES.DAT") :IF 
TIFILE=O TITLE$="":GOTO 3150 
2960 VDU 2B,0,31,79,4:CLS:VDU 26:PTR#FILE=0:INPUT#TIFILE,N,IPNTR: 
IF N<15 TW=ll:TY=B ELSE TW=B:TY=5 
2970 PTR#FILE=IPNTR:FOR 1=1 TO N:INPUT#FILE,INDEX%(I):NEXT:FOR 1= 
1 TO N:PTR#FILE=INDEX%(I) :INPUT#TIFILE,TEXT$(I),TPNTR(I):NEX 
T:PRINTTAB(30,TY)"TITLE MENU"TAB(62,TY)"Secondary"TAB(64,TY+ 
l)"Menu"j 
29BO VDU 2B,0,31,79,TW:FOR 1=1 TO N:YT=I-l:IF YT>14 YT=14 
2990 PRINTTAB(15,YT)CHR$(I+64)j". "jTEXT$(I):IF TPNTR(I»O FLAG 
1=1:PRINTTAB(65,YT)"yes" ELSE FLAG2=1:PRINTTAB(65,YT)"no" 
3000 NEXT:YT=YT+TW 
3010 VDU 26:PRINTTAB(13,YT+l)"<ret> None of the above"TAB(20,YT+ 
3)"Enter Choice: "j 
3020 *FX 202,32 
3030 *FX 11B 
3040 AL$=LEFT$(ALPH$,N) 
3050 REPEAT:A=INKEY(O):PROC TIME(O):A$=GHR$(A):UNTIL A=13 OR INST 
R(AL$,A$)<>O -
3060 IF A=13 TITLE$="":GOTO 3120 
3070 PRINTTAB(34,YT+3)A$j:A=INSTR(AL$,A$) :TITLE$=TEXT$(A) :IF TPNT 
R(A)=O GOTO 3120 
30BO REM ****************** Secondary Menu ******************** 
3090 CLS:PRINTTAB(40-LEN(DATE$)/2,3) DATE$ TAB(40-LEN(TITLE$)/2,5 
) TAB(30,B)"Secondary Menu"j:PTR#FILE=TPNTR(A) :INPUT#FILE,N: 
FOR 1=1 TO N:INPUT#FILE,TEXT$(I):PRINTTAB(25,10+I)CHR$(I+64) 
j " • " j T EX T $ ( I ) : N EX T 
3100 PRINTTAB(23,VPOS+l)"<ret> None of the above"TAB(30,VPOS+2)" 
Enter Choice: "j 
3110 AL$=LEFT$(ALPH$,N):REPEAT:A=INKEY(O) :PROC_TIME(O):A$=GHR$(A) 
:UNTIL (A=13 OR INSTR(AL$,A$)<>O):IF A<>13 PRINTA$j:TITLE$=T 
ITLE$+": "+TEXT$( INSTR(AL$,A$)) 
3120 *FX 202,4B 
3130 *FX 11B 
3140 CLOSE#TIFILE 
3150 ENDPROC 
3160 
PROC OVERLOAD - This routine informs the user when the 
calibration of the load cell has been exceeded, either 
below the minimum (i.e. Load cell needs recalibrating) 
or above the maximum. In both cases the experiment is 
not interupted, but the relevent data is marked. 
3170 DEF PROG OVERLOAD 
31BO VDU 2B,0~5,79,2:GLS:PRINTTAB(l,1)"***** WARNING ***** -
boundary has been exceeded"TAB(6,2)"Indicated by <number> 
"TAB(45,2)"Press <CNTL-A> to acknowledge" 
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3190 IF FLAG<O PRINTTAB(21,1)"Lower"TAB(28,2)" -"ELSE PRINTTAB(21 
,1)"Upper"TAB(28,2)" +" 
3200 VDU 26 
3210 ENDPROC 
3220 
PROC STOP MENU - The user is given the option of specifying the 
type of data printout (CIL Units, Force, Shear Stress) -
default is Force. If shear stress is required, various 
additional data will be requested. 
3230 DEF PROC STOP MENU 
3240 VDU 28,0~31,79,30-(W%+1) DIV 3:CLS:IF W%=lO GOTO 3260 
3250 PRINTTAB(5,0)"Printout Options:"TAB(5,2)"<F> Force (default) 
"TAB(30,1)"<S> Stress"TAB(30,2)"<C> CIL data"TAB(52,1)"<I> F 
orce & CIL data"TAB(52,2)"<M> Stress & CIL data";:GOTO 3270 
3260 PRINTTAB(31,0)"Printout Options:"TAB(14,1)"<F> Force (defaul 
t)"TAB(14,2)"<S> Stress"TAB(14,3)"<C> CIL data"TAB(44,2)"<I> 
Force & CIL data"TAB(44,3)"<M> Stress & CIL data"; 
3270 VDU 28,0,31,79,0:TT=TIME:REPEAT:SOUND 1,-15,150,20:T=TIME:RE 
PEAT:PROC TIME(O):A$=INKEY$(O):PFLG=INSTR("FCSIM",A$) :IF PFL 
G<>O T=TIME-999999:TT=TIME-999999 
3280 UNTIL TIME-T>200:UNTIL TIME-TT>60000:IF PFLG=O PFLG=l 
3290 IF PFLG<3 OR PFLG=4 GOTO 3350 
3300 VDU 28,0,31,79,26:CLS:PRINTTAB(10,1)"You have chosen to prin 
tout the data in terms of Shear stress,"TAB(10,2)"To calcula 
te this, the height of the shear plane must be known";:DLIM= 
999999:DFL=1 
3310 PRINTTAB(20,4)"A clearance of ";STR$( (CLN);"mm has been spec 
ified"TAB(25,5)"Please Confirm (yes/no): ";:CONF=FN CONF ALA 
RM(lO,lOOO,DLIM,DFL):IF CONF=l GOTO 3330 --
3320 VDU 28,0,31,79,29:CLS:PRINTTABIl0,1l"Enter Clearance (mm):." 
;:DLIM=6000:DFL=0:CLN=FN NUM INP ALARM(5,3000,999999) :VDU 28 
,0,31,79,29:CLS:VDU 28,0~31,79,26:GOTO 3310 
3330 VDU 28,0,31,79,29:CLS:PRINTTAB(10,1)"Enter bed height (mm): 
";:HGHT=FN NUM INP ALARM(5,3000,999999):IF HGHT<90 OR HGHT>2 
00 VDU 6:GOTO 3330-
3340 VDU 28,0,31,79,29:CLS:PRINTTAB(20,1l"Bed height = ";STR$((HG 
HT);"mm"TAB(25,2)"Please Confirm (yes/no): ";:CONF=FN_CONF_A 
LARM(5,1000,6000,0):IF CONF=O GOTO 3330 
3350 ENDPROC 
3360 
FN CONF ALARY(B,TH,LIM,D) - Confirmation routine with a 
- - specified time limit for the answer. Time limit is 
warned audibly, a specified default is used if time 
limit is exceeded 
3370 DEF FN CONF ALARM(BLLL,THRES,LIMIT,DFLT) 
3380 LOCAL TT,T,A$,CONF,XPS,YPS 
3390 VDU 28,0,31,79,0:XPS=POS:YPS=VPOS:TT=TIME:REPEAT:IF TIME-TT> 
THRES SOUND 1,-15,150,BLLL 
3400 T=TIME:REPEAT:PROC TIME(O):A$=INKEY$(O):CONF=INSTR("YyNn",A$ 
) :IF CONF=O GOTO 3420 
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3410 T=TIME-999999:TT=TIME-999999:IF GONF<3 PRINTTAB(XPS,YPS)"yes 
"; ELSE PRINTTAB(XPS,YPS)"no"; 
3420 UNTILTIME-T>lO*BLLL:UNTILTIME-TT>LIMIT:IF GONF=O GONF=DFLT E 
LSE IF GONF>2 GONF=O ELSE GONF=l 
3430 =GONF 
3440 
FN_NUM_INP_ALARM(BLLL,THRES,LIMIT) - Inputting of number, with a 
specified time limit for input. An alarm warns of this 
limit. 
3450 DEF FN NUM INP ALARM(BLLL,THRES,LIMIT) 
3460 LOGAL TT,T~A$,XPS,YPS,H$,HGOMP$ 
3470 VDU 28,0,31,79,0:XPS=POS:YPS=VPOS:HGOMP$="0123456789"H$="":T 
T=TIME:REPEAT:IF TIME-TT>THRES SOUND 1,-15,150,BLLL 
3480 T=TIME:REPEAT:PROG_TIME(O):A=INKEY(O):GONF=INSTR(HGOMP$,GHR$ 
(A)) :IF GONF=O AND A<>13 GOTO 3500 
3490 IF A=13 T=TIME-999999:TT=TIME-999999 ELSE A$=GHR$(A) :PRINTTA 
B(XPS,YPS)A$;:XPS=XPS+l:H$=H$+A$ 
3500 UNTILTIME-T>lO*BLLL:UNTILTIME-TT>LIMIT 
3510 =VAL(H$) 
3520 
PRoe DISPLAY UPDATE - Updates the display when a new item of data 
appears. Note: This will not occur when the data is 
being reviewed (i.e. display is not current), nor when 
the bounds of the graph have been exceeded in the 
graphical mode. 
3530 DEF PROG DISPLAY UPDATE 
3540 LOGAL YY-
3550 ON GRAPH+l GOTO 3560,3570 
3560 PRINTTAB(4,IX) TM$(II,O) TAB(14,IX) ET$(II) TAB(25,IX) TM$(I 
I,ll TAB(J7,IX) R$(II,O) TAB(52,IX) R$(II,ll TAB(66,IX) R$(I 
1,2) :GOTO 3580 
3570 TME=II*XSGALE-TO:TO=II*XSGALE:YY=Y(II,DISP%)*YSGALE:PLOT 1,T 
ME,YY 
3580 ENDPROG 
3590 
6000 END 
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C.).5 Common Subroutines 
PROC PRINTOUT 
FN STR TIME 
PROC TIME(A) 
FN_STR_NUM(N,M,D) 
FN INPUT(A) 
PROC CAL CONVERT 
FN LIN INTERP( 
PROC GRAPH DISPLAY 
FN TEXT INPUT 
See Section C.5 
- Produces a hard copy of the data 
- Converts time to text (hh:mm:ss) 
- Calculates time and elapsed time 
- Converts number (N) to the 
required number of significant 
figures (M) and decimal places (D) 
- Inputs number and maintains clock 
- Converts data from CIL units to 
Shear force. Uses the calibration 
curve generated by program CALIB 
and stored in the file CALIB.DAT 
- Linear interpolation routine 
- Draws the graphical version of the 
data 
- Inputs text and maintains clock 
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C.4. RETREVAL Program 
Summary: Enables data to be retrieved from file. 
Options include: 
i) Retreval of lists of all experiments saved 
ii) Retreval of selected experimental data 
iii) Numerical Display of selected experiment 
iv) Numerical Printout of selected experiment 
v) Graphical Display of selected experiment 
vi) Converion between types of data (shear force, shear 
stress, ClL Units) 
C.4.l Data Selection/Review 
The program is menu driven and operates on two levels: 
Level 1: Data Selection 
Level 2: Data Review 
Level 1 - Data Selection 
Main Menu: <S> Select Date (Menu 1) 
Menu 1 
Menu 2 
A Sample 
January 
February 
March 
April 
May 
June 
<L> Lists dates for a given year (Menu 2) 
<X> Exit to MASTER program 
Enables selection of the required data set, based 
on the listing of all the experimental summeries 
for that day. 
Enables selection of a required date based on a 
given years listing (transfers to menu 1). Other 
options: Change disk, Select another year, exit to 
Main Menu 
listing that may occur when reviewing a disk for 1987 
1987 
4 5 7 - 10 11 12 13 14 
17 18 - 20 21 - 24 25 26 27 28 - 31 
1 2 3 4 5 9 10 - 12 13 - 16 
-
18 19 20 
-
23 24 25 26 27 
2 4 5 6 9 10 11 12 13 
- 31 
1 2 3 4 8 9 - 14 15 16 
17 - 21 22 23 24 25 - 28 29 30 
1 2 6 7 8 9 - 12 - 14 15 16 
- 19 20 21 - 23 - 26 27 28 29 30 
2 3 4 5 6 9 - 11 12 13 - 16 
- 23 24 25 26 27 - 30 
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July 1 2 3 4 7 - 10 11 - 14 15 16 
- 26 27 - 29 30 31 
August 3 4 5 6 - 16 
17 18 19 20 21 - 24 25 26 - 28 - 31 
September 1 2 3 4 7 8 9 10 11 - 15 16 
17 18 
-
30 
October 1 2 3 4 7 8 9 10 11 
-
14 15 16 
17 - 24 25 26 - 30 31 
November 1 2 3 6 7 8 9 10 - 16 
17 - 20 21 22 
December 2 3 4 7 8 9 10 - 13 14 15 16 
17 
-
21 22 23 - 29 30 31 
The option menu: (for year 19xx) 
<Y> List another Year 
<S> Select a date from 19xx 
<C> Try another Disk 
<Q> Return to MASTER program 
Level 2 - Data Review 
Edit Menu: <R> Review data (Menu 1) 
Menu I 
<P> Printout - Prints out selected data 
<E> Edit heading - The list of experimental 
conditions can be added to or edited 
(see PROC EDIT HEADING) 
<C> Convert data format - enables the units of the 
data to be converted between CIL Units, 
Shear Force & Shear Stress provided all the 
required Experimental conditions are 
available (see PROC EDITOR) 
<L> List experiments available for selected day 
(i.e. transfers to Level 1 Menu 1) 
Program will revert to Edit menu with the 
present data by pressing key <R> 
<X> Exit to Level 1 Menu I 
Review of Data: 
This menu adjusts according to the present 
position of the review. The format of the menus 
is similar to those shown for the program SHEAR, 
although there are a few additional functions. 
Features include transfer between graphical and 
numerical display of the data: 
Numerical Display - Movement of the screen window 
over the data set can be by whole screens (18 
lines), half screens (9 lines) or single lines 
Graphical Display - Either Axis can be enlarged or 
contracted for optimum data display. Transfer 
between raw and smoothed data. 
Exit to the Edit menu 
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List the experiments available for the selected day 
(i.e. transfers to Level 1 Menu 1). Program 
will revert to the Edit menu with the present 
data by pressing key <R>. 
C.4.2 Main Program , 
10 DIM INDEX(20),ET$(200),TM$(200,1),R$(200,2),MONTH$(12),DY$(4 
) ,STACK(10) ,TITL$(20) ,N1(20) ,Y(200,1l 
20 ON ERROR VDU 3,6,15,26,12:CLS:CLOSE#FILE:CHAIN"MASTER" 
30 PROC SETUP 
35 REM ******** LEVEL 1 MAIN MENU ******** 
40 SET=0:CLS:FLAG=0:PRINTTAB(30,9)"OPTIONS"TAB(20,12)"<S> Sele 
ct a known date"TAB(20,15)"<L> List of files for a given ye 
ar"TAB(20,lB)"<X> eXit to master program"TAB(25,21)"Enter c 
hoice: ";:REPEAT:A$=GET$:ANS=INSTR("SLX",A$) :UNTIL ANS>O:PRI 
NTA$ 
45 REM ************************************ 
50 EDIT=O:IF ANS=l REV=O:PROC SELECT DATE ELSE IF ANS=2 PROC LI 
ST YEAR ELSE CHAIN"MASTER"- -
60 IF-FLAG=l ANS=l:GOTO 50 ELSE IF FLAG=2 GOTO 40 
70 FLAG=O:INPUT#FILE,NUM,IPTR:PTR#FILE=IPTR:FOR 1=1 TO NUM:INPU 
T#FILE,INDEX(I):NEXT 
BO A$="":PROC SUMMARY DATA:GRAPH%=O:IF A$="M" A$="X":GOTO 150 E 
LSE IF A$=TR" GOTO-150 
90 IF SET=O GOTO BO 
95 REM ************* LEVEL 2 ************** 
100 PROC TITLE LIST 
110 PROC-LIST HEADER 
120 PROC-RETREVAL 
130 PROC-EDIT MENU 
140 REPEAT:A$-;-INKEY$( 0) :UNTIL INSTR( "PRECXL" ,A$) <>0 
150 ON INSTR("PRECXL",A$) GOTO l60,170,lBO,190,200,210 
160 PROC PRINTOUT:GOTO 210 
170 PROC-REVIEW:IF A$="L" VDU 4:GOTO 210 ELSE IF A$="E" VDU 4:GO 
TO 130 ELSE GOTO 150 
IBO PROC EDIT HEADING:GOTO 130 
190 PROC-EDITOR:GOTO 130 
200 VDU 4,15,26,12:CLS:FLAG=0:GOTO 40 
210 VDU 4,15,26,12:CLS:FLAG=1:GOTO BO 
220 CHAIN"MASTER" 
230 
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C.4.3 Subroutines 
PROC SETUP - Initialises important variables 
240 DEF PROC SETUP 
250 LOCAL I 
260 * FX 5,1 
270 FLAG=O:FOR 1=1 TO 12:READ 1A0IlTH$(I):NEXT:FOR 1=1 TO 4:READ D 
Y$(I):NEXT 
280 DATA January,February,March,April,May,June,July,August,Septe 
mber,October,November,December,st,nd,rd,"th" 
290 VDU 23;8202;0;0;0; 
293 REM ******** READ IN CALIBRATION DATA ******** 
295 FILE=OPENIN("CALIB.DAT") :INPUT#FILE,NC:FOR 1=1 TO NC:INPUT#F 
ILE,CAL(I,O),CAL(I,l):NEXT:CLOSE#FILE:PCAL=l 
300 ENDPROC 
310 
PROC SET DATE - Routine for inputting the selected date. This is 
- -input in numerical form (yy:mm:dd). The routine 
controls the keyboard so that incorrect characters and 
dates cannot be input. The date is stored in the 
variables: FF = Year; EE = Month; DD = Day; 
DATE$= String version of the date . 
320 DEF PROC SET DATE 
330 LOCAL Nl~N,C~I,EE,DD 
340 IF FLAG=l GOTO 380 
350 CLS:PRINTTAB(30,5)"Data Retreval System" 
360 PRINTTAB(20,10)"Enter the Date (yy:mm:dd): "; 
370 FF=FN DUAL FIG(99) :PRINT":"; 
380 EE=FN-DUAL-FIG(12):PRINT":";:IF FF MOD 4=0 N1=29 ELSE N1=28 
390 IF EE>7 AND EE MOD 2=0 N=31 ELSE IF EE>7 N=30 ELSE IF EE MOD 
2=1 N=31 ELSE IF EE=2 N=Nl ELSE N=30 
400 DD=FN DUAL FIG(N):C=VAL(RIGHT$(STR$((DD),l)):IF INT(DD/IO)=l 
DATE$~"th"ELSE IF C>3 DATE$="th"ELSE IF C=O DATE$="th"ELSE I 
F C=l DATE$="st"ELSE IF C=2 DATE$="nd"ELSE DATE$="rd" 
410 IF DATE$="th" GG=4 ELSE IF DATE$="st" GG=l ELSE IF DATE$="nd 
" GG=2 ELSE GG=3 
420 F$="B:RES"+STR$( (DD)+CHR$(EE+64)+CHR$(FF-19)+".DAT" 
430 DATE$=STR$((DD)+DATE$+" "+MONTH$(EE)+" 19"+STR$((FF) 
440 ENDPROC 
450 
PROC DISPLAY - Displays one page of data onto the screen. DISTOP 
& DISBTM give the limits of the data for display. 
460 DEF PROC DISPLAY 
470 LOCAL I,I 
480 VDU 28,0,26,79,9:CLS:PRINTTAB(0,0); 
490 FOR I=DISTOP TO DISBTM:J=I-DISTOP:PRINTTAB(4,J) TM$(I,O) TAB 
(l4,J) ET$( 1) TAB(25,J) TM$( I,ll TAB(J8,J) R$( 1,0) TAB( 53,J) 
R$(I,l) TAB(68,J) R$(I,2) :NEXT:VDU 28,0,31,79,0 
500 ENDPROC 
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PROG_LIST_HEADER - Provides the column headings for the display 
of the data. TYP% specifies whether the data has the 
units of: GIL Units, Shear Force or Shear Stress 
520 DEF PROG LIST HEADER 
5)0 IF REV=O-VDU 28,0,9,79,7 ELSE VDU 28,0,8,79,6 
540 GLS:PRINTTAB(6,0)"Time"TAB(19,0)"Time Elapsed"TAB(55,0)"Mean 
"TAB(66,0)"Standard"TAB(16,1)"secs."TAB(25,1)"hh:mm:ss"TAB(6 
6,1) "Deviation"; 
550 IF TYP%=l PRINTTAB(40,0)"Force"TAB(41,1)"(N)"; ELSE IF TYP%= 
2 PRINTTAB(40,0)"Stress"TAB()9,1)"(N/M©2)"; ELSE PRINTTAB(41 
,0)"GIL"TAB(40,1)"Value"; 
560 VDU 28,0,)1,79,0 
570 ENDPROG 
580 
PROG RETREVAL - Retrieves the data from file and stores it in 
memory. The array 'R$' Stores the data for numerical 
display, array 'Y' stores the data for graphical display 
(this data being relative to the previous item of data. 
This speeds up the graph drawing routine) 
590 DEF PROG RETREVAL 
600 LOGAL I,Dl,D2,POINTER,TSUM,TSUMSQ,N,A 
610 FOR 1=0 TO 10:STAGK(I)=0:NEXT:MAXIM=0 
620 VDU 28,0,)1,79,10:PRINTTAB(27,12)"Retrieving Data From File" 
6)0 FOR 1=1 TO NDAT 
640 INPUT#FILE,Dl,D2 
650 IF D2>MAXIM MAXIM=D2 
660 ET$(I)=FN STR NUM(Dl,5,0) :TM$(I,O)=FN STR TIME(Dl+STIME):TM$ 
(I,l)=FN 8TR TIME(Dl):POINTER=(POINTER+l)-MOD 10:TSUM=TSUM-S 
TAGK( POINTERT+D2: TSUMSQ=TSUMSQ-STAGK( POINTER)©2+D2©2 
670 STAGK(POINTER)=D2:IF 1>9 N=lO ELSE N=I 
680 A=SQR(TSUMSQ/N-(TSUM/N)©2) 
690 ON TYP% GOTO 700,700,710 
700 R$(I,O)=FN STR NUM(D2,8,2) :R$(I,l)=FN STR NUM(TSUM/N,7,2) :R$ 
(I,2)=FN STR NUM(A,6,2) :GOTO 715 --
710 R$( I,0)=FN_STR_NUM(D2,8,1) :R$( I,1)=FN_STR_NUM(TSUM/N,7,1) :R$ 
(I,2)=FN STR NUM(A,6,1) 
715 Y ( I, 0) = VAL ( R$ ( 1,0) ) - VAL ( R$ ( I-I , 0) ) : Y ( 1,1 ) =VAL ( R$ ( 1,1 ) ) - V AL ( R 
$(I-l,ll) 
720 TtAMAX=(Il-ll*TMNT:A=TMMAX DIV 5:IF (TMMAX MOD 5)=0 TMMAX=A*5 
ELSE TMMAX=(A+l)*5 
725 IF TMMAX<5 TMMAX=5 
7)0 NEXT 
740 TMNT=(VAL(ET$(II) )-VAL(ET$(II-l) ))/60:VDU 7 
750 GLS:FOR 1=1 TO NDAT:PRINTTAB(4)TM$(I,0) TAB(14)ET$(I) TAB(25 
)TM$(I,l) TAB()8)R$(I,0)TAB(5))R$(I,1)TAB(67)R$(I,2):IF (I M 
OD 21)<>0 GOTO 770 
760 PRINTTAB(40)"Press <Shift> to continue";:REPEAT:UNTIL INKEY( 
-l)=-l:VDU 28,0,)1,79,)1:GLS:VDU 28,0,)1,79,10:PRINTTAB(0,)1 
) ; 
770 NEXT :PRINT:PRINT:PRINT:PRINT:TWAAX= INT( VAL( ET$( Il) )/60) :YMAX 
=MAXIM 
780 ENDPROG 
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PROC LIST YEAR - Lists all the days, for a given year, on which 
experiments have been stored on this disk. 
800 DEF PROC LIST YEAR 
810 LOCAL A,I,J,D$,STl$,ST2$,F$,YEAR,SP$,NT$,A$ 
820 PRINTTAB(20,25); 
830 PRINTTAB(20,VPOS)"Enter year of interest: 19";:FF=FN DUAL FI 
G(99):IF FF<80 GOTO 830 - -
840 CLS:PRINTTAB( 28,0) "FILES AVAILABLE FOR 19" ;STR$( (FF) 
850 FOR 1=1 TO 12:STl$="":ST2$="":FOR J=l TO 31:F$="B:RES"+STR$( 
(J)+CHR$(I+64)+CHR$(FF-19)+".DAT":IF J<lO SP$=" "ELSE SP$=" 
" 
860 F=OPENIN(F$):IF F=O NT$=" -"ELSE NT$=SP$+STR$((J) 
870 IF J<17 STl$=STl$+NT$ ELSE ST2$=ST2$+NT$ 
880 IF F<>O:CLOSE#F 
890 NEXT:A=1+I*2:PRINTTAB(9,A)MONTH$(I)TAB(22,A)STl$:PRINTTAB(22 
,2 + I * 2) S T2 $ : N EX T 
900 PRINTTAB(5,29)"OPTIONS:"TAB(18,29)"<Y> List another Year"TAB 
(18,30)"<S> Select a Date from 19"5TR$((FF)TAB(50,29)"<C> Tr 
y another Disk"TAB(50,30)"<Q> Return to Master Program"TAB(3 
5,31)"Enter Choice: "; 
910 REPEAT:A$=INKEY$(O) :UNTIL INSTR("YSCQ",A$)<>O:PRINTSTR$( (A); 
:A=INSTR("YSCQ",A$) 
920 VDU 28,0,31,79,29:CLS:VDU 26:PRINTTAB(20,30);:ON A GOTO 830, 
950,930,940 
930 PROC DISK CHANGE:GOTO 840 
940 CHAIN"MASTER" 
950 VDU 28,0,31,79,29:CLS:VDU 28,0,31,79,0:PRINTTAB(20,30)"Enter 
Date (mm:dd): ";:FLAG=l 
960 ENDPROC 
970 
PROC DISK CHANGE - Clears system memory of the data disk 
directory, so that a new data disk can be reviewed. 
980 DEF PROC DISK CHANGE 
990 VDU 21:*DIR A: 
1000 VDU 6,28,0,31,79,17:CLS:PRINTTAB(20,3)"Insert New.Disk into 
Drive B:"TAB(25,5)"Press <space> when Ready";:REPEAT:A$=INKE 
Y$( 0) :UNTIL A$=" ":VDU 21:*DIR B: 
1010 CLS:VDU 6,26 
1020 ENDPROC 
1030 
PROC TITLE LIST - Lists the experimental conditions for the 
selected data set. 
1040 DEF PROC TITLE LIST 
1050 CLS:PRINTTAB(7~0)"Data Set ";SET TAB(TBDATE,O)DATE$ TAB(7,U 
"Title: ";TITLE$ TAB(7,2)"Rotational Speed of Inner rotor "; 
RPM2; " rpm"TAB(7,3)"Rotational Speed of Outer rotor ";RPMl; 
" rpm";TAB(7,4)"Air Flowrate ";AF 
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1060 PRINTTAB(7,5)"Load Cell Position ";LCPS;" mm"TAB(60,0)"No. 0 
f Data: ";NDAT TAB(55,2)"Cell Clearance: ";STR$((CELLCL);"mm 
"TAB( 55,3)"Bed Height: ";STR$( (BEDHT) ;"mm"TAB( 55,4) "Rotor Di 
ameter: ";STR$((ROTD);"mm" TAB(55,5)"Calibration Code: ";CAL 
CDE 
1070 ENDPROC 
1080 
PROC SELECT DATE - Selects a date so that any experiment 
performed on that day can be reviewed. Checks if the 
appropriate data file exists. 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
DEF PROC SELECT DATE 
- -IF FLAG=O CLS 
PROC SET DATE:TBDATE=40-LEN(DATE$)/2:IF FLAG=O PRINTTAB(TBDA 
TE,15) DATE$ ELSE VDU 28,0,31,79,28:CLS:VDU 28,0,31,79,0:PRI 
NTTAB(TBDATE,28) DATE$ 
FILE=OPENIN(F$):IF FILE>O FLAG=O:GOTO 1180 
IF FLAG=l VDU 28,0,31,79,29:CLS:PRINTTAB(21,0)"A File for th 
is Date does NOT EXIST"TAB(25,2)"Try another date (mm:dd): " 
;:VDU 28,0,31,79,0:GOTO 1110 
VDU 28,0,31,79,16:CLS:PRINTTAB(20,3)"A File for this Date do 
es NOT EXIST on the"TAB(32,4)"Disk in Drive B:"TAB(20,6)"Do 
you want to:"TAB(25,8)"<D> Try another Date"TAB(25,9)"<C> Tr 
y another Disk" 
PRINTTAB(25,10)"<Q> Return to Main Menu"TAB(25,12)"? ";:REPE 
AT:A$=INKEY$(O) :UNTIL INSTR("DCQ",A$)<>O:A=INSTR("DCQ",A$)IF 
A=l PRINT"Try another Date"; ELSE IF A=2 PRINT"Try another 
Disk"; ELSE PRINT"Return to Main Menu"; 
VDU 26 
IF A=l GOTO 1110 ELSE IF A=2 PROC DISK CHANGE:GOTO 1120 ELSE 
FLAG=2 
ENDPROC 
PROC SUMMARY DATA - Lists all experiments performed on a given 
day. On selecting a data set, it lists the experimental 
conditions, requiring confirmation before permitting the 
retrieval of the full data set (PROC RETREVAL). 
1200 DEF PROC SUMMARY DATA 
1210 LOCAL KEY$,B$,A,YTB,COND 
1220 IF FLAG=l GOTO 1270 
1230 MAXL=O:FOR 1=1 TO NUM:PTR#FILE=INDEX(I):INPUT#FILE,TYP%:APTR 
%=PTR#FILE+62:INPUT#FILE,TITL$(I):PTR#FILE=APTR%:INPUT#FILE, 
A,A,A,A,A,Nl(I) :IF LEN(TITL$(I))>MAXL MAXL=LEN(TITL$(I)) 
1240 IF LEN(TITL$(I))>60 TITL$(I)=LEFT$(TITL$(I),59)+"+" 
1250 NEXT:Pl=3+INT((18-NUM)/2):IF MAXL>60 MAXL=60 
1260 M3=INT((60-MAXL)/2):IF M3<3 M3=3+M3:N3=0 ELSE N3=M3-2:M3=5 
1270 CLS:PRINTTAB(TBDATE,O)DATE$ TAB(28,Pl)STR$( (NUM);" Sets of d 
ata available" 
1280 PRINTTAB(N3,Pl+3)"Set"TAB(1+N3+M3+UAXL/2,Pl+3)"Title"TAB(6+M 
AXL+N3+2*M3,Pl+2)"No. of"TAB(4+MAXL+N3+2*M3,Pl+3)"Datapoints 
" 
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1290 P2=Pl+4:FOR 1=1 TO NUM:PRINTTAB(1+N3,P2+IISTR$( (IITAB(4+N3+M 
3,P2+IITITL$(IITAB(7+MAXL+N3+2*M3,P2+IINl(II:NEXT 
1300 YTB=VPOS+2:PRINTTAB(3,YTB-ll"Note:"TAB(5,YTBI"<M> Exit to m 
ain menu";:KEY$="M":IF SET>O PRINTTAB(5,YTB+ll"<R> Retain d 
ata set ";SET:KEY$="MR" 
1310 PRINTTAB(37,YTBI"Select data set required: ";:A=O:IF NUM<10 
LIMIT=NUM ELSE LIMIT=9 
1320 REPEAT:B$=GET$:B=ASC(B$I-48:IF INSTR(KEY$,B$I>O COND=l:GOTO 
1340 
1330 IF B>O AND B<=LIMIT COND=l ELSE COND=O 
1340 UNTIL COND=l:IF INSTR(KEY$,B$I>O A$=B$:GOTO 1430 
1350 PRINTB;:IF 10*B>NUM SET=B GOTO 1390 
1360 IF 10*(B+ll>NUM LIMIT=NUM-I0*B ELSE LIMIT=9 
1370 REPEAT:A=GET:IF A=13 COND=l ELSE A=A-48:IFA>=0 AND A<=LIMIT 
COND=l ELSE COND=O 
1380 UNTIL COND=l:IF A=13 SET=B ELSE PRINTSTR$«AI ;:SET=A+B*10 
1390 PTRHFILE=INDEX(SETI :N=O:TSUM=O:TSUMSQ=O:POINTER=O:FOR 1=1 TO 
10:STACK(II=0:NEXT:INPUTHFILE,TYP%:APTR%=PTRHFILE+62:INPUTH 
FILE,TITLE$:PTRHFILE=APTRI:INPUTHFILE,RPMl,RPM2,AF,LCPS,STIM 
E,NDAT,CALCDE,CELLCL,BEDHT,ROTD:II=NDAT 
1400 Xl=10:X2=55:X3=75-LEN(TITLE$I:VDU 26:CLS:IF X3>25 Y=7:Yl=5 E 
LSE Y=8:Yl=6 . 
1410 PRINTTAB(3,1IDATE$;TAB(28,11"EXPERIMENTAL CONDITIONS";TAB(65 
,11"Data Set ";STR$«SETI;:PROC LISTING TITLES:PRINTTAB(20,V 
POS+31"Is this the required dat~ set? "~ 
1420 REPEAT:A$=GET$:UNTIL INSTR("YyNn",A$I>O:IF INSTR("Yy",A$I>O 
PRINT"yes";: ELSE PRINT"no";: SET=O 
1430 ENDPROC 
1440 
PROC DISPLAY MENU - This routine provides the menus for reviewing 
- the data (Level 2 Menu 11 
1450 DEF PROC DISPLAY MENU 
1460 LOCAL Al~A2,Bl,B2 
1470 IF GRAPH%=O GO TO 1530 
1480 VDU 28,0,31,79,29 
1490 IF GFLAG=O CLS 
1500 PRINTTAB(O,ll"<E> Edit menu"TAB(0,21"<R> Revert to data"TA 
B(55,11"<L> List of. experiments"TAB(28,01"Axes"TAB(36,01"X-
Axis Y-Axis"TAB(26,11"Enlarge"TAB(26,21"Contract"TAB(38,11" 
<F> <H>"TAB(38,21"<C> <B>"; 
1510 PRINTTAB(55,21"<X> eXit to main menu";:IF DISP%=O PRINTTAB( 
O,OI"<S> Smoothed data"; ELSE PRINTTAB(O,OI"<S> Raw data 
" . ,
1520 GOTO 1550 
1530 VDU 28,0,31,79,27:CLS:PRINTTAB(0,01"<A> Graphical display"T 
AB(O,ll"<E> Edit menu"TAB(0,31"<L> List of experiments"TAB 
(0,41"<Y> Exit to main menu"; 
1540 PRINTTAB(31,01"Full Page: Up <F>"TAB(43,11"Down <C>"T 
AB(58,01"One Line: Up <K>"TAB(69,11"Down <M>"TAB(31,3 
I"Half Page: Up <H>"TAB(43,41"Down <B>"TAB(58,31"Top 
of Page"TAB(58,41"Btm of Page"TAB(76,31"<W>"TAB(76,41"<R>"; 
1550 VDU 28,0,31,79,0 
1560 ENDPROC 
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PROC_REVIEW - This routine monitors the keyboard, only accepting 
correct input for reviewing the data. It also controls 
the display of data depending upon which option has been 
selected 
1580 DEF PROC REVIEW 
1590 LOCAL A,R,QA,P1,P2,KEY1$,DISTOP,DISBTM 
1600 *FX 202,)2 
1610 VDU 28,0,)1,79,0 
1620 DISP%=O:GRAPH%=O:REV=l:CLS:PROC HEADING:DISBTM=II:DISTOP=DIS 
BTM-16:IF DISTOP<l DISTOP=l -
16)0 PROC DISPLAY:PROC LIST HEADER:PROC DISPLAY MENU 
1640 A$=INKEY$( 0) - --
1650 IF GRAPH%=O KEY1$="AELYVlRFCHBKM" ELSE KEY1$="RELXFCHBS" 
1660 KEY=INSTR(KEY1$,A$):IF KEY=O GOTO 1640 
1670 SOUND 1,-15,1,1:P1=DISTOP:P2=DISBTM 
1680 IF KEY1$="RELXFCHBS" AND KEY>4 GFLAG=1:AXFLG=0:KEY=KEY-4:PRO 
C GRAPH DISPLAY:GOTO 1640 
1690 ON KEY GOTO 1700,1720,17)0,1740 ELSE 1750 
1700 GRAPH%=(GRAPH%+l) MOD 2:IF GRAPH%=l GFLAG=O:AXFLG=l:PROC GRA 
PH DISPLAY:GOTO 1640 -
1710 VDU 24,0;100;1279;850;:CLG:Pl=-1:PROC LIST HEADER:PROC DISPL 
AY MENU:GOTO 1870 - - -
1720 A$-;-"E" :GOTO 19"00 
17)0 A$="L":GOTO 1900 
1740 A$="X":GOTO 1900 
1750 IF GRAPH%=l CAX=O:AXFLG=O:PROC GRAPH DISPLAY:GOTO 1640 ELSE 
KEY=KEY-4:IF 11<18 GOTO 1640 ELSE P1-;-DISTOP:P2=DISBTM:ON KEY 
GOTO 1760,1770,1780,1790,1800,1810,1820,18)0 
1760 DISTOP=l:GOTO 1860 
1770 DISTOP=II-16:GOTO 1840 
1780 DISTOP=DISTOP-16:GOTO 1840 
1790 DISTOP=DISTOP+16:GOTO 1860 
1800 DISTOP=DISTOP-8:GOTO 1840 
1810 DISTOP=DISTOP+8:GOTO 1860 
1820 DISTOP=DISTOP-1:GOTO 1840 
18)0 DISTOP=DISTOP+l:GOTO 1860 
1840 IF DISTOP<l DISTOP=l 
1850 DISBTM=DISTOP+16:GOTO 1870 
1860 DISBTM=DISTOP+16:IF DISBTM>II DISBTM=II:DISTOP=DISBTM-16 
1870 IF DISTOP<>Pl OR DISBTM<>P2 PROC DISPLAY 
1880 *FX 21,0 
1890 GO TO 1640 
1900 REV=O:*FX 21,0 
1910 ENDPROC 
1920 
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PROC DISPLAY - Prints the numerical data as requested by 
PROC REVIEW 
1930 DEF PROC DISPLAY 
1940 LOCAL I,J 
1950 VDU 28,0,26,79,9 
1960 FOR I=DISBTM TO DISTOP STEP -1:J=I-DISTOP:PRINTTAB(4,J) TM$( 
1,0) TAB(l4,J) ET$(!) TAB(25,J) TM$(I,l) TAB(3B,J) R$(I,O);" 
" TAB(53,J) R$(I,lI TAB(67,J) R$(I,2) 
1970 NEXT:VDU 28,0,31,79,0 
19BO ENDPROC 
1990 
PROC HEADING - Prints the experimental conditions at the top of 
the screen display 
2000 DEF PROC HEADING 
2010 LOCAL A,A1,A2,Bl,B2 
2020 CLS:PRINTTAB(7,0)"Data Set ";SET TAB(TBDATE,O)DATE$ TAB(7,1) 
"Title: ";TITLE$ TAB(60,0)"No. of Data: ";NDAT;:VDU 28,0,5,7 
9,2 
2030 B1=1:B2=2:IF RPMl=O OR RPM2=0 A=7:PRINTTAB(7,0)"Rotational S 
peed of "; ELSE A=43:PRINTTAB(7,0)"Rotationa1 Speeds:"TAB(9, 
l)"Outer Cylinder: ";RPU1;" rpm"TAB(9,2)"Inner Rotor: ";RPM2 
j" rpmll 
2040 PRINTTAB(A,Bl)"Air flow: ";AF;" dme 3/min"TAB(A,B2)"Load Cell 
Position: ";LCPS;" mm" 
2050 IF RPM2=0 PRINTTAB(27,0)"Outer Cylinder: ";RPMl;" rpm" ELSE 
IF RPM1=0 PRINTTAB(27,0)"Inner Rotor: ";RPM2;" rpm" 
2060 VDU 26 
2070 ENDPROC 
2080 
PROC EDIT MENU - This procedure provides the Edit Menu, which is 
the main menu for the data review section (Level 2). 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
2160 
2170 
Two formats for this menu are used. One format is used 
when reverting to the Edit menu whilst in graphical mode 
(Level 2 menu 1), the other is used whilst in Numerical 
mode or coming from Level 1. 
DEF PROC EDIT MENU 
IF GRAPH%=O GOTO 2140 
VDU 2B,0,31,79,29:CLS 
PRINTTAB(B,1)"OPTIONS:"TAB(25,0)"<R> Review data"TAB(25,1)" 
<P> Printout data"TAB(25,2)"<E> Edit headings"TAB(55,0)"<C 
> Convert data format"TAB(55,1)"<L> List of experiments"TA 
B(55,2)"<X> eXit to main menu"; 
GOTO 2160 
VDU 4,28,0,31,79,27:CLS 
PRINTTAB(36,1)"OPTIONS"TAB(3,3)"<R> Review data"TAB(3,4)"<P 
> Printout data"TAB(27,3)"<E> Edit headings"TAB(27,4)"<C> 
Convert data format"TAB(55,3)"<L> List of experiments"TAB( 
55,4)"<X> eXit to main menu"; 
VDU 28,0,31,79,0 
ENDPROC 
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PROC NOT_AVAILABLE - Used whilst the program is being developed, 
enabling normal operation for the options so far 
supported. 
2190 DEF PROC NOT AVAILABLE 
2200 VDU 4,26:IF GRAPH%=O VDU 2B,0,31,79,27:CLS:PRINTTAB(24,2); 
LSE VDU 2B,0,31,79,29:CLS:PRINTTAB(24,1); 
2210 PRINT"THIS OPTION IS NOT YET AVAILABLE" 
2220 T=TIME:REPEAT:UNTIL TIME-T>lOO 
2230 ENDPROC 
2240 
E 
PROC_EDIT_HEADING - Enables the editing of the experimental 
conditions. This is necessary as at an end of an 
experiment the equipment is often unattended. The 
Program SHEAR only waits for ten minutes, for the height 
of shear plane to be input, before reverting to the 
program MASTER. This value is required before the data 
conversion option can be used. It also enables 
-incorrect input to be corrected. 
2250 DEF PROC EDIT HEADING 
2260 LOCAL Xl~X2,X3,Y,Yl,KEY$,B$,KEy,A$ 
2270 EDIT=0:STITLE$=TITLE$:SRPMl=RPMl:SRPM2=RPM2:SAF=AF:SLCPS=LCP 
S:SCELLCL=CELLCL:SBEDHT=BEDHT:SROTD=ROTD:SCALCDE=CALCDE 
22BO Xl=10:X2=55:X3=75-LEN(TITLE$) :VDU 26:CLS:IF X3>25 Y=7:Yl=5 E 
LSE Y=B:Yl=6 
2290 PRINTTAB( 33,1)"HEADING EDITOR" 
2300 PROC LISTING TITLES 
2310 VDU 2B,0,3l,79,24:CLS:VDU 2B,0,3l,79,0:IF EDIT=O PRINTTAB(29 
,Y+17)"<Q> Quit edit mode";:KEY$="Q" ELSEPRINTTAB(10,Y+17)" 
cS> Save alterations"TAB(44,Y+17)"<A> Abandon edit"; :KEY$= 
"SA" 
2320 KEY$="1234567B9"+KEY$:PRINTTAB(29,Y+20)"Enter Choice: ";:REP 
EAT:B$=GET$:UNTIL INSTR(KEY$,B$»O PRINTB$;:T=TIME:REPEAT:UN 
TILTIME-T>50:KEY=INSTR(KEY$,B$) :VDU 2B,0,3l,79,24:CLS:VDU 2B 
,0,31,79,0 
2330 ON KEY GOTO 2360,2370,23BO,2390,2400,2410,2420,2430,2440 ELS 
E 2340 
2340 IF B$="Q" GOTO 2500 
2350 GOTO 2450 
2360 PRINTTAB(lO,Y+lB)"Title: ";TITLE$ TAB(10,Y+20)"Enter new ti 
tIe: ";:INPUT TITLE$:EDIT=l:GOTO 2280 
2370 PRINTTAB(lO,Y+IB)"Rotational Speed of Inner rotor = ";RPM2; 
" rpm"TAB(10,Y+20)"Enter new speed: ";:INPUT RPM2:EDIT=1:GOT 
° 2300 
23BO PRINTTAB(lO,Y+IB)"Rotational Speed of Outer Cylinder = ";RPM 
1; " rpm"TAB(10,Y+20)"Enter new speed: ";:INPUT RPMI:EDIT=l: 
GOTO 2300 
2390 PRINTTAB(IO,Y+IB)"Air Flowrate = ";AF;" cm/sec"TAB(10,Y+20)" 
Enter new flowrate: ";:INPUT AF:EDIT=l:GOTO 2300 
2400 PRINTTAB(lO,Y+IB)"Load Cell Position = ";LCPS;" mm"TAB(IO,Y+ 
20)"Enter new position: ";:INPUT LCPS:EDIT=l:GOTO 2300 
2410 PRINTTAB(IO,Y+IB)"Cell Clearance = ";CELLCL;" mm"TAB(10,Y+20 
)"Enter new clearance: ";:INPUT CELLCL:EDIT=l:GOTO 2300 
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2420 PRINTTAB(10,Y+18)"Bed Height = ";BEDHT;" mm"TAB(10,Y+20)"Ent 
er new bed height: ";:INPUT BEDHT:EDIT=l:GOTO 2300 
2430 PRINTTAB(l0,Y+18)"Rotor Diameter = ";ROTD;" mm"TAB(lO,Y+20)" 
Enter new rotor diameter: ";:INPUT ROTD:EDIT=l:GOTO 2300 
2440 PRINTTAB(10,Y+18)"Calibration Code = ";CALCDE TAB(lO,Y+20)"E 
nter new calibration code: ";:INPUT CALCDE:EDIT=l:GOTO 2300 
2450 IF B$="S" GOTO 2480 
2460 PRINTTAB(15,VPOS+2)"Are you sure? ";:REPEAT:A$=GET$:UNTIL IN 
STR("YyNn",A$»O:IF INSTR("Yy",A$»O PRINT"yes";:GOTO 2500 E 
LSE PRINT"no";:GOTO 2300 
2470 REM ************** SAVING CORRECTIONS ******************** 
2480 PTR#FILE=INDEX(SET) :PRINT#FILE,TYP%:APTR%=PTR#FILE+62:PRINT# 
FILE,TITLE$:PTR#FILE=APTR%:PRINT#FILE,RPM1,RPM2,AF,LCPS,STIM 
E,NDAT,CALCDE,CELLCL,BEDHT,ROTD:GOTO 2510 
2490 REM ******************************************************** 
2500 TITLE$=STITLE$:RPMl=SRPMl:RPM2=SRPM2:AF=SAF:LCPS=SLCPS:CELLC 
L=SCELLCL:BEDHT=SBEDHT:ROTD=SROTD:CALCDE=SCALCDE 
2510 ENDPROC 
2520 
PROC LISTING TITLES - Listing of the experimental conditions for 
the selected data set. 
2530 DEF PROC LISTING TITLES 
2540 PRINTTAB(Xl,5)"l: TITLE:"TAB(X3,Yl)TITLE$ TAB(Xl,Y)"2. Rot 
ational Speed of Inner rotor:"TAB(X2,Y)RPM2; " rpm"TAB(Xl,Y+ 
2)"3. Rotational Speed of Outer Cylinder"TAB(X2,Y+2)RPMl; " 
rpm"; 
2550 PRINTTAB(Xl,Y+4)"4. Air Flowrate:"TAB(X2,Y+4)AF; " cm/sec"T 
AB(Xl,Y+6)"5. Load cell Pos1tion:"TAB(X2,Y+6)LCPS; "mm"TAB 
(Xl,Y+8)"6. Cell Clearance"TAB(X2,Y+8)CELLCL; " mm "TAB(Xl, 
Y+lO)"7. Bed Height"TAB(X2,Y+lO)BEDHT; " mm" 
2560 PRINTTAB(Xl,Y+12)"8. Rotor Diameter"TAB(X2,Y+12)ROTD; " mm" 
TAB(Xl,Y+14)"9. Calibration Code:"TAB(X2,Y+14)CALCDE; 
2570 ENDPROC 
2580 
PROC EDITOR - This procedure enables the data to be converted 
between CIL Units, Shear Force & Shear Stress. Checks 
are made to ensure that all the required experimental 
conditions are known, prompts are made for any of the 
conditions that are missing. Conditions can be added 
using the procedure PROC_EDIT_HEADING) 
2590 DEF PR DC EDITOR 
2600 LOCAL FLAGl,FLAG2,PFLGl,PFLG2,A$,KEY$,KEY 
2610 IF CALCDE>O FLAGl=l ELSE FLAGl=O 
2620 IF (CELLCL=O OR BEDHT=O) OR ROTD=O FLAG2=0 ELSE FLAG2=1 
2630 REM ********** PRINT MENU ************ 
2640 IF GRAPH%=O VDU 28,0,31,79,28 ELSE VDU 28,0,]1,79,29 
2650 CLS:PRINTTAB(20,0)"Present format: "TAB(lO,l)"Options:"TAB(5 
O,l)"<Q> Quit menu"; 
2660 ON TYP% GO TO 2670,2680,2690 
2670 PRINTTAB(36,0)"Force"TAB(25,1)"<S> Shear Stress"TAB(25,2)"< 
C> CIL Units";:KEY$="SCQ":GOTO 2700 
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2680 PRINTTAB(36,0)"Shear Stress"TAB(25,1)"<F> Force"TAB(25,2)"< 
C> CIL Units";:KEY$="FCQ":GOTO 2700 
2690 PRINTTAB(36,0)"CIL Units"TAB(25,1)"<F> Force"TAB(25,2)"<S> 
Shear Stress";:KEY$="FSQ" 
2700 A$="":REPEAT:A$=GET$:UNTIL INSTR(KEY$,A$»O:IF A$="Q" GOTO 2 
890 
2710 REM ************ CHECK AVAILABILITY ************** 
2720 PFLGl=0:PFLG2=0:IF FLAGI=l AND FLAG2=1 GOTO 2870 
2730 KEY=INSTR(KEY$,A$) :IF FLAGl=l GOTO 2750 
2740 IF A$="C" OR TYP$=3 PFLGI=1 
2750 IF FLAG2=1 GOTO 2770 
2760 IF A$="S" OR TYP$=2 PFLG2=1 
2770 CLS:PRINTTAB(O,O)"Unit format change from '";:IF TYP$=l PRIN 
T"Force"; ELSE IF TYP$=2 PRINT"Shear Stress"; ELSE PRINT"CIL 
Units"; 
2780 PRINT"' to '";:IF A$="F" PRINT"Force"; ELSE IF A$="S" PRINT" 
Shear Stress"; ELSE PRINT"CIL Units"; 
2790 PRINT"' has been requested";:IF PFLGl=O AND PFLG2=0 GOTO 287 
o 
2800 PRINTTAB(O,I)"However, first the following must be specified 
:";:IF PFLGl=l PRINT" 'Calibration Code'" 
2810 IF PFLG2=0 GOTO 2850 
2820 PRINTTAB(0,2);:IF CELLCL=O PRINT" 'Cell Clearance' "; 
2830 IF BEDHT=O PRINT" 'Bed Height' "; 
2840 IF ROTD=O PRINT" 'Rotor Diam.'"; 
2850 IF VPOS>l AND POS<40 PRINTTAB(52,2)"Press <space> to continu 
en; ELSE PRINTTAB(63,2)"Press <space>"; 
2860 A$="":REPEAT:A$=GET$:UNTIL A$=" ":GOTO 2890 
2870 REM *********** CHANGE DATA *************** 
2880 T=TIME:REPEAT:UNTIL TIME-T>200:PROC NOT AVAILABLE 
2890 VDU 28,0,31,79,0 
2900 ENDPROC 
2910 
6000 END 
C.4.4 Common Subroutines 
PROC PRINTOUT 
FN_DUALJIG( N) 
PROC CAL CONVERT 
FN LIN INTERP( ) 
FN-STR-TIME(N) 
FN=STR=NUM(N,M,D) 
PROC GRAPH DISPLAY 
·C-4S 
Produces a hardcopy of the data 
Inputting a two figure number 
when there is a well defined 
upper limit, specified by N 
Converts data from CIL units to 
Shear force. Uses the 
calibration curve generated by 
program CALIB and stored in the 
file CALIB.DAT 
Linear interpolation routine 
Converts time to text (hh:mm:ss) 
Converts a number to the required 
number of significant figures and 
decimal places 
Draws the graphical version of 
the data 
c., Common Subroutines 
These subroutines are common to more than one of the 
programs so far described. 
PROC TIME(A) - This routine uses the CPU clock to act as a 24 
- hour clock. The time is set in the program MASTER. U% 
was the value of the CPU clock at the instant the time 
was set. S% = the number of seconds from the start of 
the day to the time when the clock was set. 
The variable A has three values: 
A = 0 Routine calculates and displays the current 
time 
A = 1 As above, plus calculates and displays the 
time elapsed since the start of the 
experiment, specified by T% 
A = 2 As for A = 1, except stores elapsed time (in 
seconds) in the variable ETIME 
6930 DEF PROC_TIME(A) 
6940 LOCAL HP,VP 
6950 ETME=(TIME-U%) DIV 100:ATIME=ETME+S%:IF ATIME>86400 ATIME=AT 
IME-86400 
6960 HP=POS:VP=VPOS:ATM$=FN STR TIME(ATIME) :IF A>O ETME=ETME-T%:E 
TM$=FN STR TIME(ETME) :PRINTTAB(TE%,31) ETM$;:IF A=2 ETIME=ET 
ME - -
6970 PRINTTAB(63,0) ATM$ TAB(HP,VP); 
6980 ENDPROC 
6990 
FH STR TIME(A) - This function converts a numerical value A 
- (which is in seconds) to a string representing time with 
the format hh:mm:ss 
7000 DEF FNSTR TIME(A) 
7010 LOCAL HR,MIN,SEC,H$,M$,S$ 
7020 HR=A DIV 3600:MIN=(A MOD 3600) DIV 60:SEC=A MOD 60 
7030 H$=STR$((HR):IF HR<lO H$="O"+H$ 
7040 M$=STR$((MIN):IF MIN<lO M$="O"+M$ 
7050 S$=STR$((SEC) :IF SEC<lO S$="O"+S$ 
7060 =H$+":"+M$+":"+S$ 
7070 
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FN STR NUM(N,M,D) - This function converts a number (N) into text 
- - ensuring that it has the required total number of 
characters (M) and decimal places (D). 
7080 DEF FN STR NUM(NUM,M,D) 
7090 LOCAL A,B,B$,A$,C 
7100 A=NUM*lOeD:B=INT(A) :A=A-B:IF A>=0.5 B=B+INT(l.l) 
7110 B$=STR$«B):IF D>O A$=RIGHT$(B$,D):B$=LEFT$(B$,LEN(B$)-D):B$ 
=B$+"."+A$ 
7120 C=M-LEN(B$):IF C<O B$=STRING$(M,"*") ELSE IF C>O B$=STRING$( 
C," ")+B$ 
7130 =B$ 
7140 
FN_DUAL_FIG(N) - Routine for inputting a double figured number 
with an upper bound of N. Only acknowledges acceptable 
numbers. i.e. The upper limit for the months in a year 
is 12. The first number can only be a 0 or 1, whilst 
the second number can be 1-9 if the first is 0, but only 
0-2 if the first is 1 
7150 DEF FN DUAL FIG(N) 
7160 LOCAL A,B,C~D,A$,B$ 
7170 C=O:A$=STR$«N):IF N<lO A$="O"+A$:C=l 
7180 A=VAL(LEFT$(A$,l»:B=VAL(RIGHT$(A$,l»:REPEAT:A$=GET$:D=ASC( 
A$)-48:UNTIL D>=O AND D<=A:PRINTA$i:IF D<A B=9 
7190 REPEAT:B$=GET$:D=ASC(B$)-48:UNTIL D>=C AND D<=B:PRINTB$i 
7200 =VAL(A$+B$) 
7210 
PROC PRINTOUT - This procedure makes a hardcopy of the data 
associated with the present experiment. The Format is 
the same as displayed on the screen. If different units 
are required use the RETREVAL program, as described in 
section C.4 
7220 
7230 
7240 
7250 
7260 
7270 
7280 
7290 
7300 
7310 
7320 
DEF PROC PRINTOUT 
LOCAL I,F$,J,Jl,J2,NP,NLP,NLO 
VDU 26,2 
NLP=36:NP=(II+l) DIV NLP:NLO=(II+1) MOD NLP:IF NLO<>O NP=NP+ 
1 ELSE NLO=36 
FOR J= 1 TO NP:VDU 1,27,1,106,1,162 
VDU 21:PRINT" "iDATE$:PRINT:PRI 
NT"Run title: "iTITLE$:PRINT:PRINT"Rotationa1 Speed:":IF RPM 
2=0 OR RPM1>0 PRINT" Outer Cylinder = "iRPM1i" rpm" 
IF RPU2>0 PRINT" Inner Rotor = "iRPM2i" rpm" 
PRINT:PRINT"Air flow: "iAFi" dme 3/min":PRINT"Load Cell Posi 
tion: "iLCPSi"mm" 
IF TYP%=l TB=39:TB1=40 ELSE IF TYP%=2 TB=39:TB1=38 ELSE TB=4 
1:TB1=40 
VDU 10,10,10,6,1,27,1 1 68,1,6,1,19,1,TB,1,53,1,66,1,0,1,9,21: PRINT"Time"i:VDU 6,1,~,21:PRINT"Time E1apsed"i:VDU 6,1,9,21: 
IF TYP%=l PRINT"Force"i ELSE IF TYP%=2 PRINT"Stress"i ELSE P 
RINT"CIL"i 
VDU 6,1,9,21:PRINT"Mean"i:VDU 6,1,9,21:PRINT"Standard" 
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7330 VDU 6,1,27,1,6B,1,16,1,25,1,TB1,1,53,1,66,1,0,1,9,21:PRINT"s 
ecs."j:VDU 6,1,9,21:PRINT"hh:mm:ss"j:VDU 6,1,9,2l:IF TYP%=l 
PRINT"(N)"j ELSE IF TYP%=2 PRINT"(N/MC2)"j ELSE PRINT"Value" 
, 
7340 VDU 6,1,9,2l:PRINT"Value"j:VDU 6,1,9,2l:PRINT"Deviation"j 
7350 VDU 10:J1=(J-l)*NLP:J2=Jl+NLP-l:IF J=NP J2=Jl+NLO-l 
7360 FOR I=Jl TO J2:A$=" "+TM$(I,O)+" "+ET$(I)+" "+TM$(I 
,1)+" "+R$(1,0)+STRING$(5," ")+R$(I,l)+STRING$(B," ")+R$ 
( I ,2) : PR I N T A$: NEXT 
7370 IF NP>l PRINT" ':VDU 6,1,27,1,6B,1,50,1,0,1,9,2l:PRINT"Page 
"jSTR$«J)j" out of "jSTR$«NP) 
73BO VDU 6,1,12:NEXT:VDU 6,3 
7390 ENDPROC 
7400 
PROC CAL CONVERT - This converts the data obtained from the CIL 
-AID Converter (units are -32676 to +32676) to units of 
force, as specified by the equipment calibration (stored 
in file CALIB.DAT) 
7410 DEF PROC CAL CONVERT 
7420 FLAG=O:IF MEAN>=CAL(PM-l,O) AND MEAN<=CAL(PM,O) FRCE=FN LIN 
INTERP(CAL(PM-l,1),CAL(PM,1),CAL(PM-1,0),CAL(PM,0),MEAN):GOT 
o 7470 
7430 IF MEAN<CAL(1,0) FRCE=CAL(1,1):FLAG=-1:PROC_OVERLOAD:GOTO 74 
70 
7440 IF MEAN>CAL(NC,O) FRCE=CAL(NC,l):FLAG=l:PROC_OVERLOAD:GOTO 7 
470 
7450 IF MEAN>CAL(PM,O) PM=PM+1 ELSE PM=PM-1 
7460 IF MEAN>=CAL(PM-1,0) AND MEAN<=CAL(PM,O) FRCE=FN LIN INTERP( 
CAL(PM-l,l),CAL(PM,l),CAL(PM-l,O),CAL(PM,O),MEAN) ELSE GOTO 
7450 
7470 FRCE=FRCE*LCPS/LCELL 
74BO ENDPROC 
7490 
PROC GRAPH DISPLAY - Draws the graphical version of the data and 
enables the manipulation of the graph format as directed 
by PROC_REVIEW 
7500 DEF PROC GRAPH DISPLAY 
7510 LOCAL I,A$,MM,A,YY 
7520 IF GFLAG=O MAXIM=MAXIM/O.B:A=5*10C>(INT(LOG(MAXIM) )-1) :MAXIM= 
(MAXIM DIV A)*A 
7530 IFAXFLG=l GOTO 7660 
7540 ON KEY GOTO 7560,7570,7600,7610,7650 
7550 REM ******* ENLARGE I CONTRACT AXES ******* X-AXIS ******** 
7560 TMMAX=TMMAX+5:GOTO 75BO 
7570 IF TMMAX=5 GOTO 7770 ELSE TMMAX=TMMAX-5:IF TMMAX<5 TMMAX=5:G 
OTO 7770 
75BO XNT=TMNT*1129/TMMAX:VDU 5,24,1000j140j1279j1BOj:CLG:VDU 24,0 
jlOOj1279jBOOj:MOVE l229-l6*LEN(STR$«TMMAX))/2,175:PRINTSTR 
$( (TMMAX) j :VDU 4,24,103j205j1233jB03j :CLG:GOTO 7740 
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7590 REM ******* ENLARGE / CONTRACT AXES ******* Y-AXIS ******** 
7600 YMAX=MAXIM*1.2:MM=1:GOTO 7620 
7610 IF YMAX=5 GOTO 7770 ELSE YMAX=MAXIM*0.8:MM=-1 
7620 IF YMAX<10 A=5 ELSE A=5*10e {INT{LOG{YMAX))-1) 
7623 YMAX={YMAX DIV A)*A:IF YMAX<>MAXIM MAXIM=YMAX ELSE MAXIM=MAX 
IM+MM*A 
7627 IF MAXIM<=5 MAXIM=5 
7630 YSCALE=600/MAXIM:VDU 24,0;780;95;820;:CLG:VDU 24,0;100;1279; 
850;:VDU 5:MOVE 0,816:PRINTSTR${{MAXIM);:VDU 4,24,103;205;12 
33;803;:CLG:GOTO 7740 
7640 REM ******************************************************** 
7650 DISP%={DISP%+l) MOD 2:GOTO 7730 
7660 VDU 24,0;100;1279;850;:CLG:MOVE 0,115:DRAW 1279,115:MOVE 0,8 
40:DRAW 1279,840:MOVE 100,800:DRAW 100,200:DRAW 1229,200:VDU 
5:MOVE 536,175:PRINT"Time, mins.";:IF TYP%=l A$="Force" ELS 
E IF TYP%=2 A$="Shear Stress" ELSE A$="CIL Units" 
7670 IF TYP%=l A=7 ELSE A=LEN{A$) 
7680 A=532+16*A:FOR I=l TO LEN{A$):MOVE 42,A-I*32:PRINTMID${A$,I, 
l);:NEXT:IF TYP%=l MOVE 26,420:PRINT"{N)"; 
7690 VDU 4:PROC DISPLAY MENU 
7710 VDU 5:MOVE-0,816:PRINTSTR${ {MAXIM);:MOVE 1229-16*LEN{STR${ {T 
MMAX))/2,175:PRINTSTR${{TMMAX);:XNT=TMNT*1129/TMMAX:YSCALE=6 
OO/MAXIM 
7720 VDU 5,24,103;205;1233;835;:IF DISP%=O MOVE 617,832:PRINT"Raw 
data"; ELSE MOVE 577,832:PRINT"Smoothed data";:GOTO 7740 
7730 IF KEY<5 VDU 24,103;205;1233;803; :CLG ELSE VDU 24,103;205;12 
33;835;:CLG:PROC_DISPLAY_MENU:VDU 5:IF DISP%=O MOVE 617,832: 
PRINT"Raw data"; ELSE MOVE 577,832:PRINT"Smoothed data"; 
7740 VDU 4,24,103;205;1233;803; 
7750 MOVE 100-XNT,200:FOR I=l TO II:YY=Y{I,DISP%)*YSCALE:PLOT 2,X 
NT,YY:NEXT 
7760 GFLAG=l 
7770 ENDPROC 
7780 
9000 END 
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0.6 DATA STORAGE 
Summary: The shear data is stored on a daily basis in a file 
specific to that date. All experimental conditions are 
stored together with the time elapsed/Shear data. 
The experimental data is stored in day files. The filename 
is of the form "RESddmy.DAT" where 
dd = numerical form of the day of the month 
m = string version of the month of the year 
i.e. A corresponds to January, 
I corresponds to September, et c ... 
y = string version of the year, where 
A correspond to 1984, B - 1985 et c ... 
The data is stored in the following format: 
byte 
1 NSET - Number of data sets 
6 IPNTR - Pointer to index section 
NI data set 1 
· . . . . . . . . . . . . . . . 
N2 data set 2 
· . . . . . . . . . . . . . . . 
NN data set N 
· ............... . 
Index section (INDEX% ( ) J 
IPNTR points to NI (NI = 10 J 
IPNTR+4 points to N2 
etc 
In order to add another set of data the program SHEAR 
follows this procedure: 
i) Read NSET and IPNTR 
ii) Move file pointer to IPNTR 
ii1) Read the index for NSET sets of data 
iv) Move file pointer to IPNTR 
v) Set index for NSET+l (the new dataset) = IPNTR 
vi) Store new data set 
vii) Set IPNTR = file pointer 
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vi 1il 
ix) 
x) 
Store the index for NSET+l sets of data 
Move file pointer to beginning of file 
Store NSET+l and lPNTR (new value of index pointer) 
To retrieve specific data, as in program RETREVAL: 
i) 
11) 
11il 
Iv) 
v) 
Read NSET and lPNTR 
Move file pointer to lPNTR 
Read the index for NSET sets of data 
Move file pointer to the start of data for the 
selected set, N [lNDEX%(N)] 
Read selected data 
The data within each data set is stored in the following 
order: 
1. TYP% - Specifies the data type. 
1 = Force; 2 = Shear Stress; 3 = ClL Units 
2. TlTLE$ - Title of experiment. (max. 60 Characters) 
3. RPMl - Rotational speed of outer cylinder, rpm 
4. RPM2 - Rotational speed of inner rotor, rpm 
5. AF - Air Flowrate 
6. LCPS - Load cell position, mm 
7. S%+T% - Time of start of experiment 
B. NDAT - Number of readings in this data set 
9. CALCDE - Calibration Code. 
10. CELLCL - Cell clearance, mm. Distance from base of 
powder bed to the bottom of the shear cell 
11. BEDHT - Height of shear plane, mm 
12. ROTD - Diameter of inner rotor, mm 
13. NDAT Experimental readings which specify: 
i) Elapsed time since start of expt., secs 
iil Force data. units are as specified by 
TYP% 
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